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ABSTRACT 
 
Soybeans contain around 40% of high quality protein and 20 % of oil. Soy protein 
has long been used as ingredients for its emulsification and texturizing properties in a 
variety of foods, soymilk and tofu being the most popular. Soymilk is essentially a water 
extract of soybeans and there are many variations on the basic soymilk processing steps. 
Tofu, or bean curd, is made by coagulating soy milk, and then pressing the resulting curds 
into blocks. This thesis was mainly devoted to thermal denaturation and coagulation of soy 
proteins and targeted several selected important factors as they relate to the functional 
properties.  
 
The effects of different chemical coagulants as well as proteases on yield and 
quality of tofu from soybeans were studied. Eight tested chemical coagulants were able to 
coagulate the soymilk and the results showed that the concentration of soymilk and type of 
coagulant had a great influence on the properties of the tofu gel. The results also confirmed 
that the use of a suitable concentration of the quick-acting coagulants is more critical than 
that of the slow-acting coagulants in tofu making. In general, the extent of soymilk gelation 
is not determined by a single characteristic but rather results from a combination of factors. 
  
The gelation ability of various most common commercially available proteases to 
coagulate non-defatted soymilk was surveyed and the thermal stabilities of selected 
protease systems were compared. The difference in the temperature where the enzyme 
shows its highest activity seemed to be the most significant indicator when choosing a 
suitable enzyme for a certain industrial application. The three most effective and versatile 
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soymilk coagulants were identified. The presence of small amounts of ficin in the system 
increased the protein recovery when calcium chloride was used as a coagulant. 
 
The most commonly used techniques of analysis of degree of hydrolysis (TNBS, 
OPA and pH-stat) of soy protein were compared. It was concluded that the pH-stat 
technique was useful for evaluating the progress of an enzyme-catalyzed protein hydrolysis 
process on an industrial scale while the OPA method seemed to be the most suitable 
method to be used for determining DH during the proteolysis of soymilk in laboratory 
conditions.  
 
The roles of soybean proteins, protein fractions and subunits to differences in 
gelling properties of different soybean varieties were examined. The variability and the 
interrelationship between soybean seed traits were established and the seed characteristics 
related to soymilk yield and tofu quality were identified. The results suggested that it is 
useful to predict the quality of tofu from a combination of characteristics of the soybean 
seed. It was concluded that large differences exist in soybean seed characteristics and their 
contributions towards the properties of the final product and implications were made 
towards the relative importance of individual soybean seed traits to the functional and 
textural properties of soy products.  
 
The SDS gel capillary electrophoresis was applied to characterize soybean storage 
proteins.  The lab-on-a-chip technology was compared with capillary electrophoresis and 
these two methods were used to quantify the relative amount of 7S and 11S fractions in 
various soybean cultivars. It was concluded that both lab-on-a-chip instrument and a 
traditional CGE were adequate for analysis of soy-based products. Both systems were able 
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to reliably quantify the relative amount of protein fractions in samples and thus 
demonstrate their different genetic origin. The great advantage of the lab-on-a-chip 
technology is its time-efficiency while the traditional CGE is a preferred instrument for 
method development. The usefulness of the chemometrical analysis of electrophoretic 
profiles as a method for objective evaluation, data reduction and interpretation was shown. 
 
The possibility of improvement of the protein extraction from soybeans in order to 
provide a basis for the optimization of soymilk production was studied. The enzyme-
assisted extraction using the hydrolytic enzyme treatment to disrupt the soybean cell wall 
components was expected to improve the protein extraction yield. The results confirmed 
that the right selection of operational variables led to an increased yield of soymilk as well 
as its protein concentration. It was also shown that the addition of selected enzyme 
preparations into the soymilk process design resulted in an increased extraction yield of 
proteins from seeds into soymilk. The protein quality did not deteriorate during the 
enzyme-assisted extraction process and a small amount of microbial transglutaminase 
added together with a coagulant produced tofu with a significantly increased yield while 
maintaing satisfactory textural properties. 
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Chapter 1 
1 INTRODUCTION 
 
 
The soybean (Glycine max), a native of China, is one of the oldest crops of the Far 
East and for centuries the Chinese and other oriental people have used the bean in various 
forms as an important source of dietary protein and oil. The amount of protein produced by 
soybeans per unit area of land is higher than that of any other crop and it is generally 
recognized that the world may have to rely increasingly on sources such as soybean for its 
protein supply as living standards rise in Asia. Although it appears that present world 
protein supply exceeds requirements, such average statistics do not reflect the differences 
in the distribution and quality of individual protein sources. Protein production by animal 
husbandry methods is very energy intensive compared to the direct use of protein from 
crops. With the rising costs of energy and limited availability of land, it appears inevitable 
that a greater emphasis will have to be placed on using plant proteins directly for human 
consumption (Derbyshire et al., 1976). 
 
 Much of the world’s protein at present comes from cereals, but an increasing 
proportion seems certain to come in future from oilseeds such as soybeans. During recent 
decades, suitable processing methods have been found for removing some undesirable 
components in such plants and converting the protein to a more readily utilizable form. 
Although plant proteins are generally lower in overall nutritional quality than animal 
proteins, there is a vast body of literature on the art and technology of blending plant 
proteins to achieve high-quality protein foods or supplements (Cheryan, 1980). 
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Soymilk is a water extract of soybeans, closely resembling dairy milk in 
appearance and composition. Because of its contribution to the diets of some cultural 
groups and vegans, methods of soymilk preparation and key factors involved have been 
well documented. Tofu is a curd that is made directly from soybeans and resembles a soft 
white cheese or a very firm yoghurt. By its most basic definition, tofu is water-extracted 
and salt- or acid-coagulated soy protein gel with water, soy lipids, and other constituents 
trapped in its network. Tofu making has long been considered an art, because without 
undertaking some type of apprenticeship, not everyone can make tofu or good quality tofu. 
Even today with our understanding of protein chemistry, it is difficult to make tofu with 
consistent quality and yield, even under well-controlled processing conditions. The major 
reason for this difficulty is that many factors are involved in making tofu. 
 
Because of its bland taste, the textural properties of tofu play an important role in 
influencing its quality and consumer acceptability. In making tofu, high protein recovery 
and high solids yield are always preferred by tofu manufacturers as they increase economic 
return. The chemical composition of tofu is an important quality attribute, because it 
determines quality as well as quantity. The composition of tofu depends largely on soybean 
varieties and the way tofu is made. Factors affecting tofu quality and yield have been the 
subject of considerable research in the past several decades. Numerous studies have now 
shown that the quality and yield of tofu are influenced by the quality of soymilk and its 
subsequent coagulation process. It needs to be emphasized that since tofu making is a 
complex interaction of many factors it is not uncommon to find conflicting results among 
these studies, as different preparation methods have been used. Furthermore, many studies 
are conducted under laboratory conditions, and results may not be readily extrapolated to 
large-scale production. 
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In addition to salts and acids, proteolytic enzymes have been shown to have the 
capability of clotting soy protein, however, to date using such enzymes to make tofu has 
been limited only to the experimental stage. Most acidic, neutral and alkaline proteases 
originating from microorganisms, plants, and animals are capable of coagulating soy 
protein. However, there are differences in coagulating efficiency, taste and textural 
properties of the final product. Limited enzymatic hydrolysis is one of the main methods 
for modifying food proteins, mostly to improve their functional properties. Many authors 
have shown that the extent to which the functional properties of a protein may be altered 
by hydrolysis is very much dependent on the degree to which the protein has been 
hydrolysed. To obtain a product with distinct characteristics, it is therefore necessary to 
control properly the course of proteolysis. The extent of progressive degradation of protein 
during enzymatic hydrolysis can, however, be quantified by numerous different methods 
leading to limited comparability of results between some studies. 
 
 There are great variations among soybean varieties in terms of physical appearance 
and chemical composition. Because the most important attributes of soymilk and tofu are 
flavor, texture and yield, the chemical composition of soybeans should be more important 
than their physical appearance. To establish such relationships, plant breeders, soyfood 
manufacturers, and food scientists have studied the effects of chemical composition on tofu 
making over the years. Several noticeable compositional factors have been identified, 
including 7S/11S protein ratio, phytate content, protein content and solubility, and contents 
of some other components. Regardless of observed relationships between certain chemical 
components in soybeans and characteristics of soymilk and tofu, at present solid scientific 
theory about measurable characteristics that are good for making soymilk and tofu is still 
lacking. There is an absence of unified parameters that would be accepted by different 
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manufacturers and plant breeders and would guarantee to yield a good end product. One 
reason leading to such a situation is that the chemical variations among soybean varieties 
may not be great enough to exert noticeable effects as compared with other processing 
variables. In addition, the tofu making process may be too complex to study in detail. 
 
Aqueous extraction of soluble components is the basis of several industrial 
processes to obtain soybean products, such as soy milk, protein isolate and concentrate. 
Although studies regarding aqueous extraction from full-fat soybeans have been reported, 
the fundamental mechanisms relating the extraction levels to grain ultrastructure are not 
fully understood. Understanding these mechanisms is essential for process optimization 
and possible increase in extraction yields. Among the alternatives available for process 
improvement is the use of hydrolytic enzymes, the choice of which depends on the 
knowledge of the location of protein in the bean, the biochemical nature of its local 
environment, and the extraction mechanisms. 
 
In addition, recent studies have examined the potential of microbial 
transglutaminase for improving the gelation properties of soy protein and while the results 
are optimistic that manipulation of specific proteins within the tofu matrix may lead to new 
methods to improve product quality, the mechanism of its action is not clear. By adding a 
cross-linking reagent, in this case an enzyme, transglutaminase, before and after the soy 
proteins are denatured during tofu manufacture, it was anticipated that the textural 
properties of the tofu would change to various degrees. 
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Chapter 2 
2 LITERATURE REVIEW 
2.1 Introduction 
 
 In Asia, whole soybeans are prepared for human consumption by a wide range of 
processes. Commonly, hot-water extraction of wet-milled soybean yields a milk-like 
product called soymilk. Soymilk is consumed as a beverage, but more often it is converted 
to curd or tofu by the addition of a calcium or magnesium salt. Soyfoods, and tofu in 
particular, can improve the nutritional quality of the human diet. However, limited 
information is available for the selection of soybean cultivars for production of soyfoods. 
 
 The soybean market for manufacturing tofu and related products is expanding 
worldwide. Generally, the manufacturer contracts with the grower or seed company to buy 
a specific soybean cultivar on the basis of seed color, protein content, and other 
characteristics. Good quality tofu is conventionally associated with known varieties. Most 
soybean breeders and processors commonly believe that high protein, large-seeded 
soybeans result in better quality tofu with a higher yield. However, tofu is often made from 
whatever soybean is available. 
 
 Soybean is a principal world field crop. The whole soybean, containing about 40% 
protein and almost 20% oil on a dry weight basis (Table 2.1), provides an inexpensive 
source of quality protein and edible oil, thus making soy protein the predominant 
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commercially available vegetable protein in the world. Soybean production has increased 
substantially in the past 50 years. Food made from soy protein is popular and traditional in 
Asian countries. The United States Food and Drug Administration authorized the Soy 
Protein Health Claim in 1999 stating that 25 g of soy protein a day may reduce the risk of 
heart disease. Soybean foods continue to penetrate rapidly into western cultures and diets 
as the market is very responsive to this health claim (Zhang et al., 2005). 
 
Table 2.1: Proximate composition of soybeans (g/100 g) 
Component    Amount (g/100g) 
Moisture       8.5 
Protein      39.5 
Fat       21.7 
Dietary fibre      13.7 
Available carbohydrates    11.9 
Ash         4.7 
 Source: Redondo-Cuenca et al., 2006 
 
 Soybeans have been used in various food products in China, Japan and other Asian 
countries for many centuries. In the United States and Europe, soybean oil is used for 
human food in the form of margarine and shortening but only a small portion of the soy 
protein finds its way into human food products. In Western societies, soybean meal is 
primarily used to feed poultry and livestock. Since indirect conversion of vegetable protein 
to human protein is highly inefficient and expensive, direct utilization of soybeans in 
human diets offers a more efficient way of alleviating human malnutrition in low income 
countries (Kwok and Niranjan, 1995). 
 
 Soy proteins have found applications in many different food products. Generally, 
such food products are heated to inactivate anti-nutritional factors, for food preservation 
reasons, and to obtain desired functional properties. The major seed storage protein in 
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soybeans is glycinin. Generally it represents about 30% of the total protein in soybean, but 
it may vary from 25 to 50% depending on the soybean variety (Lakemond et al., 2002).  
 
 Although soy protein is a major component of the diet of food-producing animals 
and is increasingly important in the human diet, soy protein is not an ideal protein because 
it is deficient in the essential amino acid methionine. Methionine supplementation benefits 
soy infant formulas, but apparently not food intended for adults with an adequate nitrogen 
intake (Krishnan et al., 2000). Soy protein content of another essential amino acid, lysine, 
although higher than that of wheat proteins, is still lower than that of the milk protein 
casein. Adverse nutritional and other effects following consumption of raw soybean meal 
have been attributed to the presence of endogenous inhibitors of digestive enzymes and 
lectins and to poor digestibility. To improve the nutritional quality of soyfoods, inhibitors 
and lectins are generally inactivated by heat treatment or eliminated by fractionation during 
food processing. Although lectins are heat-labile, the inhibitors are more heat-stable than 
the lectins (Friedman and Brandon, 2001). 
 
 Although production of tofu from soybeans is an ancient art, modern methods of 
simply and rapidly assessing the tofu making potential of raw soybeans have not been 
available until recently. High quality tofu is traditionally associated with known varieties. 
Rapid and reliable methods of assessing the potential of new varieties are therefore of 
interest to soy breeders. As poor yields and qualities of commercially prepared tofu occur, 
manufacturers have also been seeking methods to assess soybean lots that they purchase 
(Turner et al., 1996). To establish a new method of assessing soybean potential, chemical 
composition of soybean seeds has to be identified and the behavior and the nature of the 
interactions of components during processing have to be understood. 
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2.2 Chemical composition of soybeans 
 
 Soybean storage proteins are composed of two major components, β-conglycinin 
and glycinin corresponding to 7S and 11S globulins, respectively. Both are stored in 
vacuoles of seed cells and account for about 80% of storage proteins. Research on soybean 
protein structure, especially on the primary structure of glycinin and β-conglycinin, has 
progressed remarkably. The results show that the protein structures of soybean are very 
complicated because of their subunit structures and heterogeneity. Soybean proteins 
constitute about 40% of the seed, with 90% of these proteins extractable with water or salt 
solutions. Soy proteins can be classified according to their sedimentation properties, into 
four groups, 2S (8%), 7S (35%), 11S (52%), and 15S (5%) (Mohamed and Xu, 2003). 
When the water-soluble extract is adjusted at pH 4.5 – 4.8 by acid, about 75% of the 
extracted proteins are precipitated. These are called soybean globulins or acid-precipitated 
proteins (Yamauchi et al., 1991). 
 
 In classification by an immunological method, soybean globulins are separated into 
glycinin, β-conglycinin, α-conglycinin, and γ-conglycinin. The supernatants, which are not 
precipitated by acid, are soybean whey proteins and these proteins are mainly 2S and 7S 
components. Extraction with a salt solution makes it possible to extract basic 7S globulins 
together with other proteins (Yamauchi et al., 1991). 
 
 β-Conglycinin, a 7S globulin, is a trimeric glycoprotein consisting of three types of 
subunits, α (~67 kDa), α’ (~71 kDa) and β (~50 kDa) in seven different combinations with 
a molecular weight of about 180 kDa (Maruyama et al., 2003; Thanh and Shibasaki, 1976). 
Each subunit is processed by co- and post-translational modifications during biosynthesis. 
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For example, all subunits of β-conglycinin are glycosylated and the α and α’ subunits are 
processed at N-terminal regions. An amino acid sequence of each subunit is variable 
among cultivars. At pH 7.6 and an ionic strength less than 0.1, β-conglycinin forms dimers 
(Koshiama, 1968).  
 
Glycinin in contrast is a hexameric protein with a molecular mass of 300–380 kDa. 
Subunits of glycinin are composed of acidic and basic polypeptides linked by a disulfide 
bond, and are not glycosylated (Maruyama et al., 2003). The subunits are packed as two 
identical apposed hexagons, each composed of three pairs of alternating acidic and basic 
subunits mostly joined by one disulfide bond with hydrophobic forces holding the adjacent 
pairs of subunits together. The opposing hexagonal layers associate by electrostatic forces 
and/or hydrogen bonding. Soy 11S globulin has about 5% α-helix and about 35% β-sheet 
structure with the remainder being random coil. 11S contains 38-42 half-cysteine residues 
per molecule including two free sulfhydryl groups. In addition to the six inter-subunit 
disulfide bonds linking the acidic and basic subunits, there are from zero to two 
intramolecular disulfide bonds in acidic subunits and from zero to one disulfide bond in 
basic subunits on the basis of amino composition (cysteine) of the subunits (Kim and 
Kinsella, 1986). 
 
At pH 7.6 and high ionic strength (0.5 M), glycinin exists as a hexamer (an 11S 
globulin) with a molecular weight of about 360 kDa. At pH 3.8 and low ionic strength 
(0.03 M), glycinin is predominantly in a trimeric form (a 7S globulin) with a molecular 
weight of about 180 kDa (Lakemond et al., 2000). 
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Molecular flexibility is an important attribute governing some functional properties,       
e.g. the surface-active properties of proteins. Soy glycinin is a compactly folded molecule, 
the rigidity of which is stabilized by the disulfide bonds, and as such it has limited surface-
active properties. However reduction of some of the disulfide bonds by "loosening" the 
tertiary structure of glycinin making it more flexible may improve its functional properties 
(Kim and Kinsella, 1986). 
2.3 Isolation of soy protein fractions 
 
Suchkov et al. (1990) reported a noteworthy method to isolate 7S and 11S globulins 
from broad beans and peas based on the differences of solubility of 7S and 11S globulins 
in various NaCl concentrations at 5 °C. However, it was not possible to isolate 7S and 11S 
globulins properly in the case of soybeans by their method. 
 
 Tay et al. (2005) modified the method of Nagano et al. (1992) to isolate the 7S and 
11S protein fractions. Defatted soybean flour was mixed with 15 volumes of deionised 
water, and then pH was adjusted to 7.5 with 1 M NaOH. The water-extractable soybean 
protein was obtained by centrifugation (9,000 g · 30 min) at 20 °C. Sodium bisulfite (0.98 
g/l) was added to the supernatant and the pH was adjusted to 6.4 with 0.1 M HCl, and the 
mixture was kept in an ice bath overnight. The following procedure was performed at 4 °C: 
the insoluble 11S fraction was obtained by centrifugation at 6,500 g for 20 min. The 
supernatant was adjusted to contain 0.25 M NaCl and to pH 5.0 (with HCl). After 1 h, the 
insoluble fraction was removed by centrifugation at 9,000 g for 30 min. The supernatant 
was diluted 2-fold with ice water, adjusted to pH 4.8 with HCl, and then centrifuged again 
at 6,500 g for 20 min. The 7S globulin was obtained as a sediment. Both 11S and 7S 
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fractions were dissolved in deionised water and adjusted to pH 7.5 before dialyzing with 
deionised water for 24 h at 4 °C, followed by freeze-drying. 
 
 Tay et al. (2005) isolated the 2S protein fraction using the modified method of Rao 
and Rao (1977). Defatted soybean flour was mixed with 10 volumes of deionised water 
containing 0.1% β-mercaptoethanol, and the mixture was stirred for 30 min. The water-
extractable soybean protein was obtained by centrifugation (6,000 g · 20 min) at 20 °C. To 
the supernatant, 0.1 M MgCl2 was added and the suspension kept at 4 °C for 6 h. The 
precipitate was removed by centrifugation (10,000 rpm · 30 min at 4 °C). MgCl2 (0.4 M) 
was added to the supernatant and the suspension kept at 4 °C for 6 h. The precipitate was 
removed by centrifugation (10,000 rpm · 30 min at 4 °C). To the clear supernatant, 32% 
(w/v) of solid (NH4)2SO4 was added and the precipitate obtained by centrifugation (10,000 
rpm · 30 min at 4 °C). The precipitate obtained was dissolved in 1 M NaCl solution and 
dialyzed against 1 M NaCl for 24 h at 4 °C. Ethyl alcohol was added to the dialysate in the 
proportion of 1:1 (v/v) and stirred for 6 h at 4 °C. The resultant precipitate was removed by 
centrifugation (10,000 rpm · 30 min at 4 °C). The supernatant, after adjusting to pH 7.5, 
was dialyzed against deionised water for 24 h at 4 °C and freeze-dried. 
 
2.4 Effect of thermal processing on soymilk 
 
Soymilk produced by traditional methods does not have the bland flavour and 
smooth texture of cow’s milk. The beany flavour and odour, although acceptable for some, 
especially in Asia, is quite objectionable to others. The off-flavour and odour characterized 
as “beany” or “painty” are due to volatile compounds formed by lipoxygenase catalysed 
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reactions which develop almost instantaneously upon wet grinding (Wilkens et al., 1967). 
The elimination of this enzymic off-flavour development is essential for the production of 
a bland and palatable product. 
 
 The presence of growth inhibitors in raw soybeans is another concern. As early as 
1917, it was known that proteins in raw soybeans have a rather low nutritive value, but that 
with suitable heat treatment, this could be greatly improved (Osborne and Mendel, 1917). 
The growth inhibitory substances include soybean trypsin inhibitors, haemagglutinins, 
saponins and antivitamins. The trypsin inhibitor was one of the first components proposed 
as the antinutritional factor in soybean. The trypsin inhibitor in raw soybean, soy meal, or 
soy flour, when fed to animals, has been reported to interfere with the digestion and 
absorption of proteins (Sessa and Ghantous, 1987). These growth inhibitors can be 
destroyed by moist heat to yield a product with improved nutritional value. 
 
 Soymilk is an ideal medium for microbial growth. Its quality can therefore easily 
deteriorate with the development of spoilage microorganisms, due to the milk being high in 
moisture, nearly neutral pH, and rich in nitrogenous compounds, fat, sugar, minerals and 
vitamins. Soymilk resembles dairy milk in its nutritional content, and microbial spoilage 
patterns are also similar. Thermal processing of soymilk reduces or eliminates the 
microbial flora and extends its storage life. Proper heat treatment of soymilk also improves 
nutritional quality by destroying antinutritional factors and modifying proteins, permitting 
more complete digestibility and utilization of the growth-limiting sulphur-containing 
amino acids (Longenecker et al., 1964). Heating also eliminates off-flavours by 
inactivating lipoxygenase in the bean before or during grinding with water (Nelson et al., 
- 12 - 
1976), or boiling off the volatile components which are developed in the traditional cold-
water grinding process. 
 
 Overheating, however, causes undesirable chemical changes which may lead to the 
destruction of amino acids and vitamins, browning, and development of a cooked flavour 
(Rios-Iriarte and Barnes, 1966). Soymilk resembles cow’s milk in many respects such as 
composition and colour, but soymilk research is not yet as extensive as that of cow’s milk. 
 
 There are many different methods for the production of soymilk. The following 
processes represent the traditional method and new developments in soymilk thermal 
processing (Escueta et al., 1986; Johnson and Snyder, 1978; Kwok and Niranjan, 1995; 
Miskovsky and Stone, 1987; Nelson et al., 1976): 
 
 (1) Traditional Oriental Process: Soymilk is traditionally made by soaking the 
seeds, grinding them in water, filtering to remove the residue, and then cooking. The 
cooking process normally involves heating at 93-100 °C for 30 min. This method applies 
no heat to the soybeans before grinding (cold water grind).  
 
 (2) Hot Water Grind Process: This method involves grinding soaked soybeans with 
boiling water to yield a soy slurry at a temperature of 80 °C or above, followed by holding 
the slurry at this temperature for 10 min, and then filtering to remove the residue. This 
method has the advantage of eliminating the beany flavour by inactivation of lipoxygenase 
at 80-100 °C. 
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 (3) Illinois Process: Soybeans are soaked for 12 hours in 0.5% NaHCO3 solution. 
The beans are drained, boiled in fresh 0.5% NaHCO3 for 30 min, drained again, and 
ground with water. The slurry is heated to 82 °C. It is not filtered or centrifuged, but 
homogenized in two stages. Water is then added to make 12% bean solids. The remaining 
steps include neutralization, addition of sugar and flavour, heating to 82 °C and re-
homogenizing. This method is unique in blanching the soybeans in bicarbonate solution 
before grinding. It produces a bland-flavoured soymilk with essentially all soybean solids 
included. 
 
 (4) Rapid Hydration Hydrothermal Cooking: This process was developed by 
Johnson et al. (1981). Soybeans were ground into flour which was made to form a slurry in 
hot water. The soy flour slurry was subjected to direct steam infusion at 154 °C for 30 s. 
The cooked slurry was cooled, adjusted to 10% solids with water, and centrifuged. This 
process produces a bland-flavoured soymilk with high yields of solids and proteins. 
 
 Soymilk processors use one or a combination of these methods to produce a 
palatable, nutritious soymilk with high yield in solids and proteins (Kwok and Niranjan, 
1995). 
 
 In addition to the heating processes mentioned above, in commercial soymilk 
production, soymilk is further heated to extend its shelf-life. Three basic types of heat 
treatments are carried out: pasteurization, in-container sterilization and ultra-high-
temperature (UHT) treatment (Kwok and Niranjan, 1995). 
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 At room temperature, soymilk undergoes acid curdling with a rapid drop in pH 
accompanied by separation of curds and whey; this type of spoilage usually occurs after 
standing for 24 hours. Proteolytic spoilage can, however, take place within a week at 
refrigeration temperatures of 1 °C (Lo et al., 1968). 
 
 Heat is a widely used method of preserving food in cans. Because of the resistance 
of certain bacterial spores to heat, soymilk requires treatment of 121 °C for 15 minutes or 
equivalent for a long shelf life. The slow rate of transfer of heat through the can must be 
taken into consideration and the time to achieve sterility may be lengthy. Different time 
and temperature combinations can be equally effective in microbial destruction but may 
differ greatly in their effects on the food product. The aim of the study of Haydon and 
Hosken (1998) was to compare the characteristics of soy protein gels prepared by thermal 
processing in cans and to examine the effects of the solvent environment and processing 
conditions on gel colour and mechanical properties. Both rapid viscosity analysis (RVA) 
and differential scanning calorimetry have been used to study the thermal behaviour of soy 
proteins in water (Haydon and Hosken, 1999). 
 
2.5 Formation of gel 
 
Soy proteins are used in several food products because of their highly nutritive value 
and ability to improve texture. The possession of a range of functional properties has 
considerably extended the potential use of soy proteins in food applications. Properties 
such as water binding, emulsifying, whipping, thickening, flavor binding, and the ability to 
form films and gels have been successfully realized in many food formulations and in 
product development (Kinsella, 1979). 
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  Upon heating, soy gel is primarily aggregated by hydrophobic interactions (Sheard 
et al., 1986), since the 11S and 7S globulins contain about 39 and 41% w/w hydrophobic 
amino acid residues. With increasing soy concentration, however, disulfide bond formation 
becomes a major factor in stabilising the gel structure. 7S and 11S globulins both have two 
or more active free SH groups and hydrophobic groups may also become exposed during 
treatment of the protein; thus both types of linkage may contribute to the final gel structure 
(Apichartsrangkoon, 2003). 
 
 At the same pH and ionic strength, β-conglycinin is less heat-stable than glycinin 
(Puppo and Anon, 1999a). Denaturation temperatures of both proteins are higher at pH 7.6 
than at pH 3.8, and they are higher at a higher ionic strength (Maruyama et al., 1999). 
Since denaturation is believed to be a prerequisite for gel formation (Kinsella, 1976), β-
conglycinin is expected to form a gel at lower temperatures than glycinin (Nagano et al., 
1994a,b). 
 
 Gel properties of (pure) β-conglycinin and glycinin are affected by protein 
concentration, heating temperature, ionic strength, and pH (Vliet et al., 2002). In a mixed 
system such as a protein isolate, the ratio β-conglycinin:glycinin influences gel formation 
and gel properties (Kang et al., 1991; Nakamura et al., 1986). Glycinin gives a firmer gel 
with a higher stiffness and a larger deformability before fracture than β-conglycinin. The 
protein concentration at which glycinin and β-conglycinin can form a gel is about the 
same, but the efficiency of β-conglycinin forming a gel with a certain strength is much 
lower, especially at pH 7.6. This is probably the reason why gel formation in mixed 
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systems as in soy protein isolate has not been observed on denaturation of β-conglycinin at 
pH 7.6 (Renkema et al., 2001). 
 
 The reason why glycinin gives a firmer gel than β-conglycinin is not clear. Both 
soy proteins form gels with a clearly different network structure as deduced from 
deformation experiments and as demonstrated by microscopic observation by Hermansson 
(1985). In both cases, the mechanism of gel formation is probably cluster-cluster 
aggregation of protein particles whereby the size of the clusters depends on the size and 
shape of the protein molecules and/or heat-induced aggregates (Nakamura et al., 1986), on 
the pH (larger clusters at pH 3.8) and on the extent of rearrangement after gel formation. 
The strength of the bonds between the clusters, and possibly the strength of bonds between 
protein molecules within a cluster, seem to be higher for glycinin, as concluded from the 
much larger differences in fracture stress compared to the differences in moduli for the two 
types of protein systems (Renkema et al., 2001; 2004). 
 
 The mechanical properties of soy protein gels having different proportions of 
glycinin and β-conglycinin were measured by Kang and Mori (2004). Heating temperature 
had a major effect on hardness and toughness. Glycinin/β-conglycinin ratio significantly 
affected elasticity.  In particular, glycinin contributed greatly to the increase in hardness 
and toughness, while β-conglycinin had a major effect on the elasticity of soy protein gel. 
 
 The interaction of proteins with water is known to have a major effect on its 
physicochemical properties. Other factors, such as pH, and ionic strength are also 
considered to affect protein properties (Puppo and Anon, 1998). Functional properties of 
proteins in food are determined by their structural changes. Protein denaturation or 
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aggregation is often the key to their suitability for certain functionality, e.g. aggregation of 
proteins in cheese and egg white. Soy protein is known to be heat-stable because of the 
extensive disulfide bonds between the subunits. This characteristic limits the use of soy 
proteins in many applications. The diverse composition of soy proteins makes it difficult to 
set a single temperature where all protein subunits denature or aggregate at the same time 
(Kinsella, 1979). It was reported that the presence of conglycinin prevented glycinin 
aggregation and formed a soluble complex. The 7S and 11S globulins are stable at ionic 
strength of 0.5 M and pH 7.6, and associate at 0.1 M ionic strength and pH 7.6 
(Hermansson, 1978). 
 
 Increase of water content allows proteins to hydrate and as a result denature sooner 
than with less moisture. Fukushima (1969) suggested that soy protein tertiary structure 
needs to be destroyed to allow its digestion. The presence of a hydrophobic region in the 
core of the soy protein globular structure hardens tertiary structure destruction. The native 
structure of soy proteins could be destroyed by heating or by pepsin at low pH and by 
cleaving the disulfide bonds (Mohamed and Xu, 2003). 
 
 The work by Shen (1976) showed that soy protein solubility could not be used as a 
measure of denaturation, since soy proteins treated at pH 12 showed an increase in 
solubility while these proteins were extremely denatured. Results indicated that denatured 
proteins at most pH values have more solubility than their native forms. Utsumi and 
Kinsella (1985b) reported that 11S and 7S proteins produced gels with different formation 
mechanisms and forces involved in the gel formation. The stabilizing forces of the gels 
were suggested to be hydrogen bonding, hydrophobic interaction, ionic, and disulfide 
bonds. The effects of salts, reducing agents, and water-soluble solvents were found to be 
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involved in the gel formation process. Catsimpoolas and Meyer (1970) showed that 
soybean protein solution with 8% concentration could form a progel when heated to 
optimum temperature and a gel when cooled. This process was reported to be reversible. 
They also reported that pH, ionic strength, and temperature had direct effects on the progel 
and the gel. 
 
 Heating the protein solution in excess, in extreme acidic and alkaline pH resulted in 
no gel formation. The hardness values or the gel strengths of different globular proteins 
bear a linear relation to the size and shape of the polypeptides in the gel network 
(Mohamed and Xu, 2003). 
 Summarizing, glycinin is a more efficient and better gelling agent than β-
conglycinin under the conditions studied. Mixing of both proteins resulted in improved 
gelling properties at pH 3.8 and a reduced dispersability at pH 7.6. There are strong 
indications for the presence of an interaction between the two proteins. Further research is 
necessary to elucidate why gel formation by glycinin is more efficient than that by β-
conglycinin (Renkema et al., 2001). 
 
 According to Sessa and Nelson (1994), various salt solutions used to hydrate full-
fat soybeans affected the thermal stability of both β-conglycinin (7S) and glycinin (11S) 
storage proteins when examined by differential scanning calorimetry used to monitor both 
denaturation temperature (Td) and enthalpy (ΔH). As (salt) ionic strength increased, the 
moisture in the hydrated beans decreased. When beans were hydrated with water only, heat 
stability of both storage proteins increased with moisture decrease. No change in ΔH was 
observed. 
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 The kinetics of gel formation influence gel microstructure. It has been suggested 
that fine textured networks are formed from rapid gelation while coarser networks result 
when there is sufficient time for the protein macromolecules to cooperatively align over 
larger separations (Ferry, 1948). The distribution of pore sizes will affect the textural 
properties of the gel, and would be expected to affect the fracture properties. 
 
2.6 Understanding the mechanism of gelation 
 
It has been reported that the quality of tofu gel differs according to the cultivars used 
(Saio et al., 1969; Wang et al., 1983). The diversity of subunit composition of the major 
components of seed storage proteins among cultivars is most likely to be related to the 
physical properties of the foods made. 11S globulin has been shown to have intermediary 
subunits (AB), disulfide-bonded acidic (A) and basic (B) subunits, and the 6 (AB) structure 
(Badley et al., 1975; Kitamura et al., 1980). The acidic subunits have been separated by 
DEAE-Sephadex column chromatography into four fractions designated as AS-I (Mw 34 
800), AS-II (Mw 34 800), AS-III (Mw 38 000) and AS-IV (Mw 34 800) in the order of 
elution from the column (Mori et al., 1982). Acidic subunits I, II, and III are linked to their 
basic subunit counterpart by disulfide bridges. 
 
 However, AS-IV is an exception; the linkage is noncovalent (Mori et al., 1981b). 
Mori et al. (1982) investigated the formation of pseudoglycinins, which have different 
subunit compositions from the native glycinin in terms of reconstitution from combinations 
of the native acidic and basic subunits, and their gel hardness was examined. The acidic 
subunits contribute differently to the hardness of gels, and the acidic subunit (AS-III), 
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having a larger molecular weight than the other acidic subunits, plays an important role for 
increasing the hardness of the gels (Nakamura et al., 1984). 
 
 It is clear that the phenomenon of gelation is complex and still not completely 
elucidated. From the previous studies, there is evidence that the content of AS-III and the 
content and reactivity of sulfhydryl groups in glycinin molecules relate to the hardness and 
turbidity of gels, respectively. Besides this, there may be additional contributors to the 
above phenomenon; for example, the release of basic subunits may affect the nature of the 
soluble aggregate strands, which is a unit of the networks of gel (Nakamura et al., 1984), 
and thereby contribute to the hardness of gel. The inverse relationship of gel hardness and 
turbidity points toward that direction. 
 Kohyama et al. (1992) suggested that the gelation of 11S is promoted by 
acidification, which is induced by the addition of GDL. GDL is partially cleaved into 
gluconic acid in water, and then dissociation of gluconic acid molecules generates protons. 
Each chemical species of GDL exists in chemical equilibrium, and the amount of each 
species is controlled by various conditions such as the temperature, the concentration of 
GDL, and the other component in the system. Since a lactone is chemically inactive, it 
should not react with 11S protein. However, gels formed in the presence of the acidic 
coagulant GDL had a lower pH. Because of a buffering effect of protein, the pH of the gels 
became higher with increasing protein concentration. The gelation of soybean protein in 
the presence of GDL is therefore a gelation process of acidic coagulation (Kohyama et al., 
1992, Tay and Perera, 2004). The decrease in the pH by the addition of GDL greatly 
promotes gelation kinetics and it is clear that the acidic form of this coagulant is important 
to the gelation of 11S protein. 
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 Higher temperatures increase the gelation rate but do not change the gelation 
mechanism. The temperature at which a coagulant is added to soy milk does not greatly 
affect the properties of the final product, tofu, even though it changes the gelation rate. The 
thermal denaturation temperature of soybean 11S globulin in water was reported as 84.5 °C 
and the denaturation completed at around 93°C (Kohyama et al., 1992). 
 
2.7 Properties of tofu 
 
 Currently, there are still some problems in the industrial production of hard tofu in 
China. To improve tofu production, texture evaluation of tofu products is necessary (Cheng 
et al., 2002). Break stress behaviour alone cannot reflect both the elastic and viscous 
properties of food materials. For hard tofu manufacture, a study of the effects of processing 
on the texture of tofu is necessary. In a creep test, a load is kept constant and the strain 
increases with time, causing creep behaviour. Analysis of the creep behaviour by models 
can give both elastic and viscous parameters. Knowledge of changes in elasticity and 
viscosity, as affected by different processing conditions, could help to improve hard tofu 
production (Cheng et al., 2005). 
 
 Kuwahata and Nakahama (1975) investigated the creep behaviour of a 20% 
soybean gel and compared it with an egg white gel and a 1.5% agar gel. They reported that 
the creep behaviour of the three types of materials could be fitted by a four-element model. 
However, until recently, few studies have been reported describing the creep properties of 
tofu with different soymilk concentrations and coagulants. In the study by Cheng et al. 
(2005), the creep properties of different types of tofu were investigated and analysed by 
viscoelastic models. 
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  Texture profiles of tofu made in the laboratory were evaluated by obtaining the 
stress-strain and creep properties of tofu (Kuwahata and Nakahama, 1975). After the linear 
range was determined by a stress-strain test where tofu was compressed to 80% 
deformation, a creep test was done. A force was maintained for a 10 min period and the 
change in strain was recorded. The recorded creep curve test was really a small 
deformation test (no more than 10% in this study) and the cross-sectional area did not 
change much, so it was not necessary to use the true strain for the calculation. 
 
 It would seem that the viscous parameters of creep behaviour correlate with 
changes in break stress, similar to the previous findings from stress relaxation analysis of 
tofu by Cheng et al. (2002). Shimoyamada et al. (1999) showed that the gel strength of the 
freeze-gel formed from soymilk was related to the viscosity of the soymilk before freezing. 
 
 Although both large deformation properties (stress-strain test) and small 
deformation properties (stress relaxation, creep, dynamic viscoelastic tests) reflect tofu 
texture, they are not always consistent (Kuwahata and Nakahama, 1975). For analytical 
simplicity and a better understanding of the models involved, the creep test is a very 
effective small-deformation measurement. For food gels, eating characteristics as well as 
functional properties such as handling and cutting are strongly dependent on their larger-
deformation and fracture characteristics. To understand the overall properties of tofu, both 
large and small deformation tests are necessary. 
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 The results of the study on the stress-strain and creep properties of Ca-tofu and 
GDL-tofu with different concentrations of soymilk suggest the following conclusions 
(Cheng et al., 2005): 
1. True strain gave larger values than ‘engineering’ (deformation) strain and was a more 
realistic concept, considering the area changes that occur during compression.  
2. Higher concentration of soymilk resulted in tofu with a higher break stress. For the same 
soymilk concentration, GDL-tofu had a higher break stress than Ca-tofu. 
3. From the stress-strain curve, break stress (peak point) and apparent elasticity (the ratio 
of stress/strain) can be obtained. After the creep curves of different types of tofu are 
recorded, they can be fitted to different models. Mohsenin (1986) summarized the 
rheological evaluation of plant and animal materials in detail and described different 
models for the analysis of stress relaxation and creep behaviour. The parameters obtained 
from the model reflect both the elastic and viscous changes in tofu. The creep behaviour of 
tofu could be represented by a four-element Burgers model (Mohsenin, 1986). For both 
Ca-tofu and GDL-tofu, the constant viscosity parameter showed a consistent increase with 
increasing soymilk concentration. The viscous parameters obtained from the small 
deformation test might have a more consequent relationship with the break stress obtained 
from the large deformation test. 
 
 For producing the hard tofu preferred by Chinese consumers, increasing the 
soymilk concentration within a certain range and the partial replacement of calcium 
sulphate coagulant by GDL coagulant could be effective options. Saio (1979) reported that 
the network of GDL-tofu consisted of flocculent aggregates and that of Ca-tofu showed a 
spongy structure with a tight framework. The coagulation mechanisms of Ca-tofu and 
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GDL-tofu are a little different although hydrophobic interactions play an important role in 
both (Kohyama et al., 1995b). 
 
 The existence of gluconic acid in GDL-tofu and calcium ions in Ca-tofu may be 
important factors that differentiate between the textural properties of Ca-tofu and GDL-
tofu. Because of the acidic taste of GDL-tofu, in the practical production of hard tofu, only 
partial replacement of calcium sulphate by GDL should be considered. These results also 
indicated that the concentration of soymilk and type of coagulant had a great influence on 
the texture of tofu gel (Cheng et al., 2005). 
 
 Tofu from higher soymilk concentration gave lower compliance, i.e. a smaller 
deformation. For the same measurement conditions, a smaller deformation indicates a 
firmer material structure. Hence creep behaviour indicated that a higher soymilk 
concentration resulted in a stronger tofu structure, and this is consistent with the stress-true 
strain results. A higher soymilk concentration means a higher protein content. It has been 
suggested that the network of tofu gel may be formed via hydrogen bonding, hydrophobic 
associations, ionic interactions and electrostatic cross-links and also through some 
sulfhydryl-disulfide linkages of unfolded polypeptides (Catsimpoolas & Meyer, 1971; 
Utsumi & Kinsella, 1985a,b). Soy protein plays an important role in the gel formation. The 
total amount of protein increased with increasing soymilk content. For a high protein 
content, the density of the network becomes higher and this results in higher break stress 
(Cheng et al., 2005). 
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2.8  Modifying the properties of soy protein - pH 
 
 As the pH is increased, the thermal stability of soy globulin 11S undergoes 
important modifications. For instance, its denaturation temperature decreased by 10 °C 
when the pH changes from 7 to 11. On the contrary, there was no practical change in the 
thermal stability of globulin 7S when evaluated over the same pH range. 11S globulin 
undergoes conformational changes as the pH increases, which are reflected by lower 
cooperativity in the denaturation process. When the pH reaches 11, a 50% denaturation 
was observed (Petruccelli and Anon, 1996). 
 
 For unheated isolates, the increase of pH leads to increased exposed 
hydrophobicity. The combination of pH 10-11 and thermal treatments at temperatures of 
about 65 °C leads to higher exposure of hydrophobic groups, which would be the most 
suitable condition to obtain isolates with higher emulsifying capacity. Denaturing thermal 
treatments at this pH value induce aggregation with a resultant fall in surface 
hydrophobicity (Petruccelli and Anon, 1996). 
 
2.9  Use of reducing agents 
 
 Reduction of disulfide bonds in glycinin may improve the functional properties, 
leading - according to the protein species - to an increase in solubility; this, in turn affects 
properties such as gelation, foaming, and emulsification. The reduction can produce an 
increase of the molecular flexibility, too. This latter modification would improve the 
surface properties, affecting both the formation and stability (Petruccelli and Anon, 1995). 
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 Sodium sulfite is a reducing agent that is permitted in foods. Although its 
oxidation-reduction potential is lower than those of other reducing agents such as cysteine, 
2-mercaptoethanol, and dithiotreitol, it is preferred because one of the protein sulfhydryls 
resulting from disulfide bond cleavage by Na2SO3 remains blocked as a sulfonate group, 
thus preventing its further reoxidation. Moreover, Na2SO3 increases the protein net charge, 
and this may lead to an improvement of functional properties (Petruccelli and Anon, 1995). 
  
 From the results it can be stated that reduction of soy protein isolates with Na2SO3 
affects different subunits, depending on the conditions under which reduction is carried 
out. Mainly AB subunits of glycinin are reduced when urea is used, while mostly 
components other than AB-11S are reduced if Na2SO3 is used either alone or in the 
presence of Cu and/or oxygen (Petruccelli and Anon, 1995). 
 
 The SS bond linking the acidic and basic polypeptides is of special interest in the 
heat denaturation of glycinin. When glycinin is heated at 100 °C for as little as 5 min, 
about 50 % of the protein precipitates and 50 % remains soluble as a 3-4 S entity (Mori et 
al., 1981a). The precipitated fraction consists of the basic polypeptides, while the acidic 
polypeptides remain soluble. The rapid separation of the basic chains from the acidic 
chains of glycinin during heating indicates that the SS bond holding the two chains 
together is easily cleaved. Because the thermal destruction of cysteine and cystine at 100 
°C is much slower than the rate at which the SS bond between the acidic and basic 
polypeptides is cleaved (Wang and Damodaran, 1990), it appears that SH-SS interchange 
may be responsible for the rapid cleavage of the interchain SS bond of glycinin. As a first 
step in examining this hypothesis, Wolf (1993) established how many SH groups are 
present in unheated glycinin and determined how reducing agents affect the number of SH 
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groups found. His findings and their implications for the structure of glycinin are described 
here. 
 
2.10  Formation of thermally induced aggregates of β-conglycinin 
 
The soy proteins can form large aggregates on heating, the nature of which depends 
upon the precise conditions of protein concentration, pH and ionic strength. Numerous 
models have been proposed to describe the mechanism underlying their formation, and the 
role that such aggregates may play in gelation. The supporting evidence for these models 
is, in some instances, sparse or of poor quality, because of the technical difficulties 
involved in working with aggregated proteins millions of daltons in size. In addition to 
their instability, such molecules are not amenable to techniques normally used for protein 
structure characterisation, such as X-ray crystallography or high resolution NMR (Mills et 
al., 2001). Thus, most investigations have had to rely on low resolution spectroscopic 
methods and various scattering techniques to gain information on thermally induced 
protein-protein interactions. As a consequence of this lack of data, the understanding of the 
mechanisms and kinetics of protein aggregation and gelation lags behind that for other 
biopolymers, such as polysaccharides. 
 
 In recent years our understanding of the nature of spontaneous protein aggregation 
events has increased greatly because of their importance in the pathogenesis of 
`conformational diseases' such as amyloidosis, Alzheimer's or spongiform 
encephalopathies. Atomic force microscopy is one of the methods, which has been used to 
great effect in studying these aggregation processes. The report by Mills et al. (2001) 
describes the use of this methodology, together with low resolution spectroscopic methods, 
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to follow the heat-induced formation of soluble aggregates of the soya globulin β-
conglycinin. Ionic strength has long been known to affect thermally induced alterations in 
soya globulin structure and aggregation, partly because of the effect of salt on the 
dissociation of the β-conglycinin trimer, and its ability to form hexamers. Hence Mills et 
al. (2001) decided to investigate the effect of ionic strength and time of heating on 
thermally induced aggregate using AFM. 
 
 It may be that the small conformational change is sufficient to lead to dissociation 
of the trimer, the resulting β-conglycinin subunits then aggregating. Such a possibility 
cannot be completely excluded but the current results favour aggregation of the trimer for 
the following reasons. Firstly, the observation that the small aggregates formed at 90 °C 
stand on end favours an anisotropic disc-like shape for the associating monomer. Secondly, 
the molecular debris attributed to the dissociated peptides are not seen in tapping mode 
images under buffer, suggesting that, at the higher ionic strengths, dissociation results only 
from the washing stage of the sample preparation. Finally, the measured heights (i.e. 
cylindrical diameter) of the fibres are in very good agreement with the expected diameter 
of the disc-like native protein, as estimated from electron microscopy (Mills et al., 2001). 
Further studies are needed in order to clearly separate the ‘denaturation’ and ‘aggregation’ 
steps and to closely monitor changes in molecular size and shape during each stage. 
  
 At higher protein concentrations, the formation of soluble macroaggregates was 
observed. They appeared to correspond to the macroaggregates of Nagano et al. (1992), 
which had molecular weights of between 4 and 8 million, rising to 80 million for the very 
large species. It would thus seem that the small linear aggregates formed on heating lower 
concentrations of β-conglycinin rapidly form macroaggregates through interacting with 
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each other at higher protein concentrations. These may be considered as microgels, and 
may represent an end point on the thermal denaturation pathway of these proteins at 
intermediate protein concentrations. Under conditions where a sufficiently high 
concentration of aggregates is achieved, as when heating a 7.5% solution, they may then 
interact to form a gel network giving rise to the random, globular network observed in 
transmission electron micrographs of β-conglycinin gels (Mills et al., 2001). 
 
2.11  Factors influencing soybean curd characteristics 
 
 While tofu can be made from any soybean variety, soy food processors prefer 
large-seeded, high protein cultivars. Only limited specific information is available, 
however, on which soybean traits contribute to superior soyfood production. Many studies 
(Bhardwaj et al., 1999; Cai and Chang, 1999; Lim et al., 1990) have shown varietal effects 
on soymilk and tofu yield and quality. Soybean seed composition is affected by genotype 
and environment effects; however, the relative contribution of each of these factors varies 
with the seed component evaluated, soybean type and geographical area. Soymilk and tofu 
yield and quality can also be affected by the environment in which the seed is produced 
(Poysa and Woodrow, 2002). 
 
 Soyfood processors favour cultivars with relatively consistent composition over 
years and locations so they will not need to change their procedures. There are many ways 
of preparing soymilk and tofu. Soymilk is traditionally, and still commonly, made by 
soaking soybeans in excess water; draining; grinding with additional water; extracting the 
raw soymilk from the soy pulp residue; and cooking the soymilk. Tofu is made by 
coagulation of soymilk with salt (eg. CaSO4) or gluconic acid (from glucono-δ-lactone) to 
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produce a soy protein gel which traps water, soy lipids, and other constituents in the 
matrix. Different coagulants produce tofu with different textural and flavour properties. 
The texture of tofu should be smooth, firm, and coherent, but not hard and rubbery (Cai 
and Chang, 1999). 
 
2.11.1 Protein 
 
 Tofu-making is a complex interaction of many factors. These factors include 
soybean intrinsic characteristics (chemical composition) and processing conditions. Some 
intrinsic factors affecting tofu yield and quality are not fully understood. It is not 
uncommon to find conflicting results among studies. Shen et al. (1991) and Schaefer and 
Love (1992) reported that soybean varieties high in protein content produced tofu with a 
high yield and firmer texture. However, Wang et al. (1983) found no correlation between 
soybean protein content and tofu yield. Moreover, Murphy et al. (1997) reported that 
soybean protein content correlated negatively with tofu hardness and fracturability.  
 
 The content of glycinin and β-conglycinin and their ratio vary with soybean 
varieties and the environment. Because of the different gelation properties of the soybean 
storage proteins, many researchers have attempted to correlate the proteins with tofu 
quality, but the results differ greatly. Several studies found that glycinin (11S) and β-
conglycinin (7S) had some relationships with tofu texture (Cai and Chang, 1999). The 11S 
content and 11S/7S protein ratio were reported to correlate positively with tofu gel 
hardness on the basis of purified soy protein systems (Kang et al., 1991; Saio, 1979). 
Utsumi and Kinsella (1985a), in contrast, reported that the 7S protein formed harder gels 
than the 11S protein. Murphy et al. (1997) reported a negative relationship between tofu 
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hardness and the 11S/7S protein ratio of food soybeans. Others (Skurray et al., 1980) found 
little correlation between the 11S/7S protein ratio and tofu quality. Thus, the contribution 
of soybean storage proteins to tofu texture is controversial and needs further investigation. 
 
 Although many researchers have reported that soy protein composition has an 
effect on the hardness/ firmness of purified soy protein gels, the results are not uniformly 
predictive for tofu which is made from soy milk, a more complicated system than the 
purified protein system (Cai et al., 1997). Even in a relatively less pure system of soy 
protein isolate, Kohyama et al. (1995a) found that its gelation rate was much slower than 
that of the purified 7S and 11S blend under the same 11S/7S ratio and other gelling 
conditions. The gel formed by soy protein isolate involved both the 7S and 11S types of 
network, whereas the 11S fraction in the blended protein system was primarily responsible 
for the gel matrix. Therefore, constituents other than proteins in soy milk may affect tofu 
structures and textural properties. 
 
 Heat causes denaturation or unfolding of the soybean proteins dispersed in water. 
This unfolding of the globular proteins before aggregation is a requirement, and indeed an 
initiating step, for the formation of the three dimensional network in the protein curd 
(Matsumoto, 1975). Saio et al. (1971) showed that heating increased the formation of free 
sulphydryl groups in soybean protein and resulted in harder tofu. The optimum heating 
time for the preparation of tofu was reported by Saio (1979) to correspond to the maximum 
range of sulphydryl groups. Soybean protein coagulated without heating to unfold the 
polypeptide chains possesses a globular structure rather than a three dimensional network 
and produces a softer texture (Saio and Watanabe, 1968). Aoki and Sakurai (1969) 
reported that boiling soymilk for 15 min gave a harder curd than the curd from the soymilk 
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just brought to boil prior to coagulation. The results confirmed that the temperature needed 
for the denaturation of soybean protein depends on the water content (Kitabatake et al., 
1990). 
 
 Cai and Chang (1999) showed that the contribution of soybean storage proteins 
(glycinin and β-conglycinin) to tofu yield, hardness, and sensory quality depended on the 
processing method used. Different processing procedures (including making different types 
of tofu) may account for the discrepancies in reporting relationships between soy protein 
content and tofu yield/texture among the studies. Their study also indicated that the 
controversy on the relationship of 11S and 7S proteins and their ratio to tofu texture 
(hardness) could result from the different processing methods used among researchers. 
 
 Differences in gel strength among glycinin fractions from various genotypes are 
related to variations in the makeup of the acidic subunits. Soy protein functionality is 
partly dependent on the β-conglycinin-to-glycinin ratio, which can vary among genotypes. 
Tanteetatarm et al. (1989) determined that this ratio was dependent on soybean maturity; as 
soybeans mature, the concentration of glycinin increased at a greater rate than did the 
concentration of β-conglycinin. The differences in composition and structure between β-
conglycinin and glycinin are exhibited in both nutritional and functional properties. 
Glycinin contains more methionine and cysteine per unit than β-conglycinin. It was 
reported that glycinin was a better gel former, although β-conglycinin was shown to 
possess greater emulsifying properties than glycinin (Riblett et al., 2001). 
 
 The β-conglycinin and glycinin fractions of soy protein were isolated from four 
soybean genotypes that were grown under the same environmental conditions. The soy 
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protein fractions were evaluated to determine whether chemical composition and gel-
forming properties were related. Amino acid analyses suggested that the hydrophobic 
residues may be the primary cause of differences in soy protein gel characteristics as the 
storage moduli increased with higher percentages of hydrophobic residues. Reversed-phase 
high-performance liquid chromatography profiles revealed variations in the composition of 
each fraction that corresponded to differences observed among the storage moduli. The 
gel-forming properties may be related to more than just protein content, such as the amount 
and type of amino acid in the fraction (Riblett et al., 2001). 
 
 Food scientists try to control the denaturation process to obtain structures with 
desired physical properties. The denaturation process for soy storage proteins in the 
heterogenous cracked bean system is extremely complex particularly at low to intermediate 
moistures since fats, carbohydrates, and non-protein constituents not only impact on the 
moisture dynamics in the whole bean but can also impact on the expected protein-solvent 
and protein-protein interactions upon heating (Sessa and Nelson, 1994).  
 
2.11.2 Genetic variants 
 
At a certain point in biosynthesis, glycinin is a single peptide in which acidic and 
basic subunits are linked to each other. The peptide has five genetic variants. At present, 
glycinin is classified into group I and group II based on homology in subunit sequences 
(Tezuka et al., 2000). Group II is further classified into two subgroups named as IIa and 
IIb. Three groups (I, IIa, and IIb) differ, especially at the carboxyl terminal end of the 
acidic subunit. In amino acid sequences of groups I and IIb, about 60 and 30 amino acid 
residues are deleted from group IIa, respectively. The physical property of tofu curds 
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prepared from soy milks containing various groups of a glycinin subunit was studied by 
Lakemond et al. (2002) who concluded that the thermal stability of the different genetic 
variants of glycinin increases at pH 7.6. At pH 3.8 the genetic variants display a different 
thermostability. Glycinin cannot therefore be considered as a homogeneous group of 
proteins as in many previous heat denaturation studies. 
 
Tofu consistency varies due to differences in the growing conditions of soybeans 
used for tofu-making even if the seeds of a single variety are used. Since the components 
in soybeans that affect tofu consistency are not known, it is not possible to estimate tofu 
consistency prior to manufacturing tofu (Toda et al., 2006). Many studies have been 
reported concerning relationship of protein content in soybeans to tofu consistency. Wang 
et al. (1983) and Shen et al. (1991) reported that varieties with higher protein content 
produced a firmer tofu texture. In contrast, Lim et al. (1990), who studied the relationship 
of consistency of tofu to the protein content of seeds using nine soybean varieties, failed to 
detect any significant correlation between these factors. Although many soybean varieties 
with high protein content have been developed for tofu processing, tofu manufacturers 
often fail to produce consistent tofu using soybeans with high protein content (Toda et al., 
2006). 
 
In addition, genetic engineering has yielded a further number of soybean varieties 
generated by the incorporation of certain genes into the original soybean genome. For 
instance, the transgenic glyphosate-tolerant soybean commercialized first by Monsanto in 
1998 is a genetically modified soybean resistant to glyphosate herbicide for weed control. 
Soybean cultivar differentiation has traditionally been performed based on the 
pigmentation and morphological traits. More accurate methods were based on the study of 
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DNA and proteins present in soybean (García-Ruiz et al., 2007). The identification of 
soybean cultivars based on the analysis of soybean proteins (mainly glycinin and 
conglycinin) has mainly been carried out by using gel electrophoresis and chromatographic 
techniques. The chromatographic profiles enabled the differentiation among very different 
cultivars but it was very difficult to differentiate among close cultivars. García-Ruiz et al. 
(2007) were able to successfully differentiate diverse transgenic and nontransgenic 
soybean varieties from CE protein profiles. 
 
2.11.3 Salts 
 
 Studies of the use of soybean proteins as functional ingredients in foods have been 
carried out to optimize food formulation. Many authors have investigated the effect of heat 
treatment, pH, protein concentration, ions (sodium and calcium chloride) in protein 
dispersions (Hermansson, 1978). It has been found that heat treatment induces denaturation 
and aggregation of soy protein molecules and that at high protein concentration (more than 
7% w/w in soy proteins), the aggregates formed a self-supporting gel (Puppo and Anon, 
1999b). 
 
 Soy protein isolate-based gels contain a variety of food ingredients such as sodium 
chloride to enhance flavor or a nutrient mineral such as calcium chloride used as a 
coagulant agent (Lee and Rha, 1977). To understand the effect of salt addition on the 
gelation properties of proteins, food protein gels have been described in physicochemical 
and rheological terms. Gel characteristics are straightforwardly related to their texture 
(Kinsella, 1979) and also to their viscoelasticity. Both properties are in turn determined by 
the molecular properties of the constituent protein. Since globulins form gels upon heating, 
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thorough studies at neutral pH have been carried out on the effect of sodium (Catsimpoolas 
and Meyer, 1970) and calcium (Scilingo and Anon, 1996) cations on the behavior of the 
major soybean protein globulins. 
 
 NaCl and CaCl2 are extensively used as additives along with soy protein to enhance 
emulsification, gelation and water and lipid retention in meat products, allowing a desired 
texture to be achieved (Visser and Thomas, 1987). The preparation of acidic soy protein-
based foods requires an exhaustive analysis of the gelation properties of soybean proteins 
at pH values below the pI, and for different ionic strengths obtained with either NaCl or 
CaCl2 addition. Structural properties of heat-induced acidic soy-protein gels under 
different conditions of pH and ionic strength have been studied (Hermansson, 1978). 
Hydration properties such as water holding capacity, the type of bonds that stabilize gel 
structure and the protein species that make up and/or stabilize gel structure were also 
analyzed (Puppo and Anon, 1999b). 
 
 The effects of neutral salts on the gelation of soy protein isolate and the 7S and 11S 
protein fractions were studied by Babajimopoulos et al. (1983). The relative effects of salts 
on the viscosities of gel followed the lyotropic series for anions, i.e. SO42- < Cl- < Br- < 
SCN-. Sodium thiocyanate, a protein structure destabilizer, profoundly increased the 
melting temperature as well as viscosity of the gel, whereas NaCl, a protein structure 
stabilizer, decreased the gel viscosity but increased the melting temperature. On the basis 
of these results, Babajimopoulos et al. (1983) suggested that the major forces involved in 
the gelation of soy protein are hydrogen bonding and van der Waals interactions and that 
the contributions of hydrophobic and electrostatic interactions are negligible. 
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2.11.4 Interaction between lipid and protein 
 
 Soymilk is prepared by heating swelled and ground soybeans, of which the major 
components are lipid and protein. The stability of lipid in aqueous solution is important in 
soymilk. The interaction between lipid and protein in soymilk was studied by Guo et al. 
(1997) to examine changes in the lipid and protein distribution as a result of heating. Most 
of the lipid in unheated soymilk existed in the particulate fraction. With heating from 65 to 
75 °C, part of the lipid was liberated and moved to the soluble fraction. With heating at 75 
°C, the lipids in the soluble and particulate fractions began to liberate and to shift to the 
floating fraction. Almost all lipid (neutral lipid) shifted to the floating fraction at 90 °C. 
 
 Tofu-curd is an important food source for a stable lipid supply. During curd 
formation, protein particles (80 nm) at first combine with an oil globule (300 nm) by the 
addition of a magnesium or calcium ion and the bound globules then aggregate to hold 
water. Curd is formed by combining soluble proteins with a pH decrease. The oil is packed 
with triple layers of proteins, that is, oleosin (oil body protein), protein particles and 
soluble proteins. The oil in the curd is very stable against ooze and oxidation during 
cooking and storing. To make a stable curd containing lipids, the relationship between 
various factors (e.g. protein particles) and soybean species is yet to be investigated (Ono, 
2000). 
 
2.11.5 Other parameters 
 
 Evidence presented by Wang and Damodaran (1990) indicated that the hardness or 
gel strength of typical globular protein gels was related to the size and shape of the 
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polypeptides in the gel network rather than to their chemical nature such as amino acid 
composition and distribution. It was also shown that globular proteins having a weight-
average molecular weight of less than 23 000 cannot form a self-supporting gel network at 
any reasonable concentration. 
 
 Because tofu is a soy protein gel, the amount of soy protein used to make soymilk 
is critical for tofu yield and quality. Many studies have evaluated tofu at a given 
water/bean ratio, that is with the amount of protein in the soymilk related to the crude 
protein content in the seed (Bhardwaj et al., 1999; Evans et al., 1997). 
 
 As tofu is prepared from soy milk, the physical properties of tofu curd depend on 
the properties of soy milk. About 50% of soy milk proteins have been found to be protein 
particles (Ono et al., 1991), which formed the core of tofu curd on coagulation with 
calcium chloride. To elucidate factors affecting physical properties of tofu curd, Tezuka et 
al. (2000) reported the relationship between the hardness of tofu curds and the properties of 
soy milk prepared from soybeans having different subunits of glycinin. The results 
suggested that the breaking stress value of tofu curds was dependent upon the number of 
protein particles in soy milk, and that the number of particles was determined by the 
proportion and structure of glycinin in the soybean. 
 
 Poysa and Woodrow (2002) showed that genotype and year effects were 
substantially greater than location effects on soybean protein content and seed 
composition. Similarly, when an 18:1 water/soy protein ratio was used in making soymilk 
and tofu, its yield, solids levels, pH, tofu colour, hardness, and firmness were significantly 
more affected by the genotype and year effects. Genotype by location and genotype by 
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year interaction effects were generally minor relative to the main genotype and year 
effects. Yield of soymilk, glucono-δ-lactone (GDL) tofu, and calcium sulfate (CS) tofu 
were all positively correlated with seed protein and stachyose and negatively correlated 
with seed oil, free sugar and sucrose content. Seed protein was also positively correlated 
with tofu hardness and firmness, while seed oil, free sugar, sucrose, and remainder content 
were generally negatively correlated with these tofu quality parameters. Models developed 
from stepwise regression analyses indicate that, when making soymilk and tofu with the 
above procedures, variation in seed protein and remainder contents, and their ratios, could 
account for a substantial percent of the variability in soymilk yield and GDL tofu yield. On 
the other hand, seed protein and sucrose content are the most important determinants of CS 
tofu yield. Protein content plays a smaller role in accounting for variability in tofu quality 
parameters. Several researchers (Murphy et al., 1997; Tezuka et al., 2000) have shown 
significant effects of protein composition, ie. content of glycinin and β-conglycinin, on 
tofu quality parameters. Determining the effect of glycinin and β-conglycinin content, their 
ratios, and their individual sub-unit content, on soymilk and tofu yield and quality using 
the above techniques would emphasize differences in protein quality if protein quantity 
was being kept constant (Poysa and Woodrow, 2002). 
 
 Cai and Chang (1999) showed that changes in the processing conditions, including 
water to bean ratio, grinding and separation methods, coagulation conditions, and 
coagulant concentration had major effects on soymilk and tofu yield and quality. The use 
of a constant water/ protein ratio may differentiate among soybean genotypes for protein 
quality for soymilk and tofu production and quality. When comparing different reports on 
the effect of soybean composition on soymilk and tofu yield and quality, it is important to 
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note that the methodologies used can account for some of the different responses reported 
(Poysa and Woodrow, 2002). 
 
2.12  Selective thermal denaturation 
 
 Even though tofu production in China is believed to have started in 164 BC, the 
fundamental manufacturing method has not changed (Liu et al., 2004). After soybean 
soaking, grinding and filtering of the slurry, the resultant raw soymilk is generally heated 
for 3–10 min after boiling. Heating soymilk achieves multiple objectives. One of them is to 
denature proteins to enable soymilk to coagulate thereafter. Thermal denaturation of 
soybean protein is a prerequisite for the formation of tofu gel (Lee and Rha, 1978). By 
cooking soymilk, the soybean protein molecules are unfolded. As a result, the –SH, S–S, 
and hydrophobic amino acid side chains are exposed. When an acidic coagulant such as 
GDL is added, the negative charges on the protein molecules are decreased by the 
protonation of the –COO- of the acidic amino acid residues. As a result, protein molecules 
come close enough together owing to the decrease of electrostatic repulsion, and the –
SH/S–S interchange reactions and hydrophobic interactions occur intermolecularly. These 
reactions facilitate protein aggregations leading to the formation of tofu gel with a three 
dimensional network structure (Liu et al., 2004). 
 
 In commercial tofu making, soymilk is heated quickly to approximately 100 °C 
using steam. In such a rapid one-step heating, glycinin and β-conglycinin were denatured 
almost simultaneously. 
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 Selective thermal denaturation has long been employed for isolating glycinin from 
soybeans (Varfolomeyeva et al., 1986). This method is based on the difference in the 
thermal stability between glycinin and other protein constituents including β-conglycinin. 
As the denaturation temperature of glycinin is approximately 20 °C higher than that of β-
conglycinin, it is possible to conduct thermal denaturation of β-conglycinin with glycinin 
being preserved (Varfolomeyeva et al., 1986). 
 
 Since exuded whey is expelled in making pressed tofu, the syneresis rate of 
intermediate curd is highly related to pressed tofu yield. In addition, syneresis occurs in 
almost all types of finished tofu products. Therefore, tofu textural properties and syneresis 
rate are important physical properties. Liu et al. (2004) observed that selective thermal 
denaturation increased soymilk viscosity and tofu elasticity and reduced tofu syneresis. It 
can be concluded that selective thermal denaturation could be used to improve the quality 
of tofu.  
 
2.13  Coagulation 
 
 Making tofu is a relatively simple process but due to its bland nature, its textural 
properties play a major role in influencing quality and customer acceptability. One of the 
most important factors in determining the texture of tofu is the selection and addition of a 
coagulant at the proper concentration. Different coagulants are used for various types of 
tofu, with calcium and magnesium salts being the most frequently used ones. 
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 Coagulation of soymilk is the most difficult step to control in tofu-making because 
it depends on complex interrelationships of many variables. Increasing coagulation 
temperature increases hardness as does increasing the rate of stirring immediately after 
adding coagulant (Saio, 1979). Stirring methods and mixing speeds and times have a 
significant effect on tofu yield and quality. Traditionally, a coagulant is added to soymilk, 
which is stirred vigorously by hand with a paddle and the stirring is continued, vigorously 
six to eight additional times (Hou et al., 1997). Alternatively, coagulant and soymilk are 
poured simultaneously into a container from a height of about 1 meter to ensure mixing 
(Lim et al., 1990). 
 
 A complex interaction of several chemical factors takes place in making regular, 
soft, and other tofu products. Most tofu studies focus on regular tofu and have used small 
laboratory-scale conditions. In general, laboratory scale methods using small amounts of 
beans (80 g to 150 g) are difficult to reproduce because of the complex factors involved. 
Generally, small scale methods for evaluating tofu have not described processing steps in 
detail. Variations in tofu making procedures and new soybean materials have caused 
difficulties in comparing inter-laboratory results (Evans et al., 1997). Scale-up methods, 
using larger amounts of beans and motorized stirrers for coagulation would be more 
reproducible in evaluating tofu making (Hou et al., 1997). 
 
2.13.1 Coagulants 
 
 The coagulating properties of five coagulants and the nature of the curd obtained 
from soymilk were investigated by deMan et al. (1986). It was observed that CaCl2.2H2O 
and MgCl2.6H2O coagulated the milk instantly while CaSO4.½H2O, GDL and 
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MgSO4.7H2O acted comparatively slowly. The texture of the curd was greatly influenced 
by type and concentration of the coagulant. Among the five coagulant studies, 0.75% 
CaSO4 and 0.4% GDL (fresh solution) appeared to be most suitable for making tofu of 
high bulk weight and smooth texture. Depending on the kind and concentration of 
coagulant used, as well as stirring during coagulation and pressure applied to the curd, tofu 
ranges in hardness from soft to firm with a moisture content of 70 to 90% and protein 
content of 5 to 16% (deMan et al., 1986). 
 
 Hou et al. (1997) made soft tofu using two coagulants - calcium sulfate and 
modified nigari, three stirring speeds, and six stirring times. Nigari is composed mainly of 
magnesium chloride, but also contains other minerals found in sea water but not a great 
deal of sodium chloride. The lowest stirring speed, did not coagulate the soymilk. Tofu 
made by the highest stirring speed had a lower yield, but higher brittleness force, hardness 
and elasticity than tofu made at medium speed. Tofu made from modified nigari had lower 
textural parameter values than those made from calcium sulfate. The yield of tofu made 
from both coagulants decreased as stirring time increased to 30 sec. Textural properties 
were related to stirring time. Stirring time lower than 25 sec was appropriate for soft tofu 
making. 
 
 Dynamic viscoelastic study and compression testing on gelation of soybean 7S and 
11S proteins by GDL were undertaken to elucidate the gelation process of tofu (soybean 
curd). The rate of gelation for 7S was much slower and the gelation time was longer than 
for 11S. The gelation rate increased and the gelation time decreased with increasing GDL 
concentration at a constant 7S concentration as observed for 11S-GDL systems (Kohyama 
and Nishinari, 1992). The gelation time of systems which consist of 7S and GDL at a fixed 
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ratio of 10:l decreased with increasing 7S concentration. The minimum concentration of 7S 
protein for the gelation in the presence of GDL was lower than that of the 11S-GDL 
system (Kohyama and Nishinari, 1993). 
 
 The results obtained through differential scanning calorimetry indicate that calcium 
interacts preferably with the 11S fraction, confirming previous results (Appurao and 
Narasinga Rao, 1975; Kroll, 1984). This interaction is reflected in the changes in thermal 
properties evidenced by a greater thermal stability of protein as calcium content is 
increased (Scilingo and Anon, 1996). 
 
 Binding studies with the unfractionated soybean proteins indicated that Ca(II) was 
bound by the proteins as well as by phytates. When these were removed Ca(II) appeared to 
be bound by the proteins at the imidazole group (Appurao and Narasinga Rao, 1975). 
 
 Karim et al. (1999) confirmed the feasibility of replacing calcium sulphate by 
calcium acetate for the coagulation of soybean milk in the manufacture of tofu. 
Furthermore, the study has demonstrated the possibility of increasing the yield and 
moisture content of tofu through use of a plant hydrocolloid, i.e. carrageenan. 
 
 Carrageenan at relatively low concentration (2 g L-1) has been shown to enhance 
the water holding capacity of the soybean protein gel without affecting the hardness of the 
GDL-tofu significantly but brought about a significant decrease in hardness of CS- and 
CA-tofu. Carrageenan has also been shown to have an interaction with the coagulant 
(Karim et al., 1999). Optimization of conditions for gelation of soy protein and the 
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carrageenan-induced modifications of the gel network may be useful in modifying the tofu 
processing technology with tangible commercial advantages. 
 
2.13.2 Concentration of coagulant 
 
 Coagulation of soy milk is the most important step and the most difficult to master 
in the tofu-making process because it depends on soybean characteristics, soy milk 
processing variables, coagulant characteristics, and coagulating variables (Shih et al., 
1997). Soybean characteristics include the soybean cultivar, the growing environment, and 
storage conditions. Soy milk processing variables include, but are not limited to, soybean 
soaking conditions, the water-to-bean ratio, grinding conditions, and soy milk cooking 
conditions. Coagulant characteristics include coagulant types and coagulant solution 
concentrations. Coagulating conditions include methods of mixing coagulant solution into 
soy milk, soy milk temperature, and amount of coagulant added into soy milk. The amount 
of coagulant added into soy milk, or the concentration of coagulant in soy milk, is a critical 
variable during soy milk coagulation. It profoundly affects the yield and textural properties 
of the resulting tofu. It is therefore desirable to use coagulants at optimal concentration 
during coagulation (Liu and Chang, 2004). 
 
 Insufficient amounts of coagulant may result in incomplete precipitation of soy 
protein and make the subsequent filtration difficult, whereas excess amounts of coagulant 
make the texture of soybean curd hard and unpalatable. It appears that calcium sulfate is 
the most commonly employed salt in soybean precipitation; however, this salt is practically 
insoluble. The addition of this salt therefore needs skill; otherwise, the quality of soybean 
curd may vary from time to time. 
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  Optimal coagulant concentrations (OCC) are, however, affected by soybean 
characteristics, soy milk processing conditions, and coagulating conditions. Automating 
the mechanical operation of coagulation intelligently, especially when quick-acting 
coagulants such as CaCl2 and MgCl2 are used, is challenging. Under fixed mechanical 
conditions for coagulation, variance in OCC results from soy milk characteristics (Liu and 
Chang, 2003). 
 
 Information about the relationships between OCC and soy milk characteristics is 
limited (Skurray et al., 1980). Soy milk cooking is a prerequisite for tofu-making, and 
cooking conditions affect soy milk properties. However, the effect of soy milk cooking 
conditions on OCC has only recently begun to be investigated. The difficulties have led to 
lack of results of measuring OCC. A rapid titration method to determine the critical point 
of coagulant concentration (CPCC) was developed by Liu and Chang (2003). The 
availability of this convenient and reproducible method has made it possible to make an 
extensive study of coagulant requirements for a number of soybean materials. The study 
shows that the CPCC is a characteristic parameter of soy milk and could be used as an 
effective indicator of OCC for making filled tofu. Depending on methods of preparation, 
textural properties, and moisture content, commercial tofus are generally classified as dry 
tofu (Doufugan), firm tofu (Momen), soft tofu, silken tofu (Kinu), and filled (packed) tofu. 
In filled tofu preparation, a coagulant is normally added to cooled soy milk, followed by 
heating without mixing to initiate and finish the coagulation process of the proteins to form 
curd in the package. This unique processing feature makes filled tofu preparation the most 
easily controlled. In addition, curd does not need to be broken and transferred. Therefore, 
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filled tofu is a good product for monitoring of changes in tofu texture resulting from soy 
milk or coagulant (Liu et al., 2004). 
 
 Soy milk characteristics including solid, protein, phytate, pH, titratable acidity, 
mineral content, and 11S/7S protein are affected by the heating rate, heating time, and 
sequence of dilution and heating (Liu et al., 2004). The CPCC was significantly (p < 0.05) 
positively correlated with phytate content (grams per gram of protein), pH, and 7S protein 
content but negatively correlated with protein content, 11S protein content, 11S/7S ratio, 
titratable acidity, and original calcium content. Within the same soybean material, more 
protein required more coagulant, but higher protein concentration during cooking resulted 
in less coagulant required by each gram of protein during coagulation. The CPCC 
decreased with increasing soy milk heating time or a decreasing heating rate. The sequence 
of heating and diluting to prepare soy milk also had an effect on CPCC (Liu et al., 2004). 
This type of information is helpful for the understanding of the mechanisms of tofu-
making. It will ultimately enable tofu manufacturers to control the coagulation process to 
improve end-product quality. 
 
 Shen et al. (1991) used nine soybean cultivars to study characteristics that affect 
yield and quality of tofu coagulated with GDL. The yield of tofu was not affected by the 
size of beans. Protein and total solids in soymilk increased when protein and moisture 
increased in soymilk. The yield of pressed GDL tofu increased with the protein content of 
soybeans (or soymilk) plus decreased calcium content. The yield of pressed GDL tofu was 
20% higher than CaSO4 tofu. 
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 Tofu-curd is made by the flocculation of proteins in soybean milk with an addition 
of calcium. The proteins consist of soluble and particulate fractions. The influences of 
calcium and pH on the protein solubility of these fractions were investigated. The protein 
particles precipitated at lower calcium concentrations than those of soluble proteins. This 
precipitation of proteins took place at higher pH with calcium than that without calcium. It 
is therefore considered, that the first step to tofu-curd is the formation of a network by the 
protein particles at low calcium concentration. The next step was deemed to be the binding 
of the soluble proteins to the network by further addition of calcium and decreasing pH 
(Ono et al., 1993). 
 
 Tofu manufacturers use a variety of tofu grade soybeans, identity preserved, 
blended, and flaked, for soymilk and tofu. Some important manufacturing variables are 
soaking and grinding characteristics, water to soybean ratio for soymilk; solids in the 
soymilk; and time and temperature of heating the soymilk. Also important are the 
temperature and extent of stirring during coagulation and type and concentration of 
coagulant. The amount of coagulant added in the manufacture of tofu is one of the critical 
control points, which helps determine the product’s texture, taste, flavour and yield. Past 
laboratory and pilot-scale tofu research has focused on determining and standardizing 
optimum levels of coagulant to be used for tofu processes (Johnson and Wilson, 1984). 
 
 Moizuddin et al. (1999) indicated that good soymilk coagulation occurs when the 
curd has separated and has moved away from the edges of the coagulation effect. Existing 
methods to determine optimum coagulant concentration such as light transmittance (%T) 
of whey, whey volume and tofu yield (Sun and Breene, 1991) are measured after 
coagulation is complete. The transparency method also requires the whey to be free of 
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coagulated particles for reproducibility. The time required to cool the samples for 
measurement allows the soymilk to cool below the critical coagulation temperature. This 
also limits the measure of pH to indicate the optimum amount of coagulant during 
processing. The whey volume, tofu yield and composition could be used for prescreening. 
However, they cannot serve as indicators to adjust the batch being coagulated. Rapid 
methods for measuring the optimum coagulant concentration during tofu manufacture have 
been reported by Moizuddin et al. (1999). Their research showed that measuring 
conductivity to determine optimum coagulation was fast and reproducible. Unlike pH, their 
probe contained no chemical compounds that could leak and it could tolerate a high heat 
environment. Thus it could be used directly in the coagulation vessel or in-line in a 
continuous processing system. 
 
 Cai and Chang (1998) researched characteristics in the production of tofu as 
affected by a soymilk coagulation method. Their results showed that increasing the 
propeller size of a stirrer can reduce stirring time and the amount of coagulant required for 
coagulation. Different soybean varieties may require different coagulation conditions to 
maximize their tofu yield and quality. For large-scale tofu production, the coagulation 
variables can be adjusted to compensate for the varietal physicochemical differences to 
improve tofu yield and quality. The results of the varietal study also imply the potential 
limitation in developing a set of experimental conditions for the evaluation of the 
suitability of various soybean varieties for tofu making. 
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2.14  Assessing the potential of soybeans 
 
 Together with improved yields and disease resistance, breeders and end users 
require new cultivars to have quality traits related to soymilk and tofu production. Certain 
varieties have become well known for their superior processing properties, but storage and 
environmental factors during the growing season may be responsible for variation in 
quality in all varieties. Reliable methods for the measurement of bean quality are key 
factors in maintaining and expanding these markets. Tofu quality has been associated with 
protein quantity and quality. Protein quantity can be readily measured by near-infrared 
spectroscopy. However, quality effects, especially those attributed to protein composition 
and to the ratio of the main soybean storage proteins, are not so easily determined (Turner 
et al., 1996).  
 
 Although important, determination of the seed macronutrients (moisture, oil, 
protein, ash and carbohydrates) and physical characteristics (seed size, colour, water 
absorbing capacity) are not entirely adequate for judging the suitability of soybeans for 
soymilk or tofu production. A small batch process for preparing soymilk and tofu is 
necessary to determine the yield, nutrient content, solids, and texture of the final product. 
Inconsistent results of the preliminary study by Turner et al. (1996) of the application of 
the Rapid Visco Analyser (RVA) for assessing soybean potential for tofu were obtained 
raising the question whether it can be considered as a reliable soy quality testing method. 
 
 Tofu processing methods used in industrial facilities have many variations. The 
system reported by Mullin et al. (2001) is the result of many consultations with Asian end 
users and was intended to be used for screening new varieties and for post-harvest testing 
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or comparative studies of new and established varieties of food grade soybeans. This 
method has been developed with particular emphasis on speed of analysis and 
reproducibility. The tofu produced is the Kinugoshi (silken) tofu type where tofu is made 
by coagulating whole soymilk without separation and removal of the supernatant (whey). 
This type of tofu can be produced with rapid mixing of either glucono-delta-lactone (GDL) 
or CaSO4.2H2O as coagulant with soymilk. An inter-laboratory test was conducted to 
assess the ease of conducting the tests and the reproducibility of the data. The goals of this 
study were two-fold: (1) to devise a method for making soymilk and tofu which was 
simple and utilized equipment commonly found in a modern food testing laboratory; and 
(2) determine its reproducibility, not so much in terms of absolute values but, as a tool to 
assess performances of advanced breeding lines against a recognized benchmark. 
 
 Although reproducibility was very good within each laboratory, for each treatment 
there was a lack of reproducibility across laboratories. The method is best suited for use in 
comparative studies using a base standard as reference and thus a useful tool for assessing 
the quality of new soybean varieties for food use (Mullin et al., 2001). 
  
2.14.1 Rapid visco analyser 
 
 The Newport Scientific Rapid Visco Analyser (RVA) was developed to measure 
the pasting properties of wheat flour and starches and has established itself as a very useful 
tool in this area. The instrument can also be used to examine the effects of thermal 
processing on the functional properties of protein. 
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 Turner et al. (1996) used the RVA to examine the effects of thermal processing on 
soybean meal that in a simplified way could be considered as a mixture of protein, fat and 
water. The RVA provides for direct monitoring of viscosity in the temperature range of 0-
95°C, and enables gelation to be studied using linearly ramped heating and cooling 
conditions. Variables which can be controlled include rate of heating, time, shear rate and 
rate of cooling. 
  
The RVA is mostly used to test starch gelling properties or cereal amylase activity, 
so this test, assessing protein coagulation, represented a novel application of the 
instrument. The method was reportedly sensitive to cultivar, harvest year and 
environmental variations. This provided the possibility of a test that would indicate tofu 
making quality for certified tofu making varieties, where environmental and other factors 
could be detrimental to product yield or quality. This method is now in routine commercial 
use. Repeatability of the method is, however, poor because it uses a relatively large sample 
size (~ 9 g) and results in a partially jagged viscosity trace, suggesting that the heat-
induced protein gel was being torn in the RVA (Turner et al., 1996). Protein gelling 
properties are sensitive to a range of additives so the effect of coagulating agents and other 
chemicals influencing the gelling process can be examined. Protein gels are also liable to 
tear above critical concentration levels, although this problem can be avoided by working 
below the lowest concentrations at which this occurs.  
 
 The output of the RVA is a data set representing the change of viscosity in time. 
The viscosity can be displayed in Rapid Visco Units or Centipoise (1 RVU = 12 cP). 
Viscosity depends on several factors. The homogenous suspension of the tested material or 
a solution is placed into the aluminum canister where it is stirred with a plastic paddle. The 
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amount of slurry analyzed influences the results: less than 25 g and more than 35 g of 
slurry should not be used to obtain reliable results. The ratio of water to dry substance 
determines how large the absolute values of viscosity are going to be during cooking in the 
RVA. It is obvious that for common substances the viscosity of the slurry increases with 
decreasing proportion of water in the slurry. 
 
It was found that values over 600 RVU usually do not provide sufficient 
repeatability of measurements. The RVA is used to test gelling properties so it is expected 
that the studied material interacts with water and the rate of swelling depends on the time 
taken. It is therefore necessary to follow the same procedure each time the slurry for the 
RVA test is prepared (Blazek, 2005). The heating and cooling rates are limited to about 15 
°C per minute. In most cases the stirring speed of the paddle is set on high at the beginning 
of the test (usually 960 rpm for the first 10 sec and 160 rpm for the remainder of the test). 
 
 The Rapid Visco-Analyser (RVA) normally does not indicate the actual 
temperature inside the sample can during operation, but rather that of the heated block. 
Hazelton and Walker (1996) modified the sample cans by incorporating a thermocouple 
that was immersed in the contents. Temperature could then be monitored during operation. 
Three different starch types and four temperature profiles of differing ramping rates were 
used. It was found that the actual paste temperature lagged behind the block temperature, 
and the lag was a function of the heating/cooling rate and the apparent peak viscosity of the 
starch sample. A second-order multiple-regression equation (r = 0.94) was developed to 
predict that lag. The results can be used to predict the actual liquid temperature for any 
given point on the pasting curve. 
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2.14.2 Protein content 
 
 For the production of soybean curd, the protein content of soybean seeds seems to 
be the most important indicator of soybean suitability. In general, tofu producers agree that 
the desired soybean seeds should have the highest possible protein content possible. The 
protein content is one of the factors that is greatly dependent on the soybean variety as well 
as on environmental conditions. It is not unusual to get two crops of the same variety with 
seed protein content diverging from one year to another by more than 10%. 
 
 Soybean protein content can be measured by Near Infrared Spectroscopy (NIR). 
This nondestructive method gives results within a few minutes. The drawback of NIR is 
the necessity of calibration and the high purchase price of the instrument. Standard 
methods determine nitrogen content of the seeds by the Kjeldahl method or the Dumas 
method (AOAC Method 990.03, 2000), converting that value to protein content by using 
the factor of 5.7. 
 
 Bhardwaj et al. (1999) compared soymilk and tofu prepared from 12 soybean 
genotypes grown at four locations in the southern USA during 1995 to identify genotypes 
suitable for tofu manufacture and to determine effects of seed traits on yield and quality of 
soymilk and tofu. The results show that both soymilk and tofu protein content were 
unaffected by location. The genotypic effects were, generally, more pronounced than 
location effects for tofu strength and water absorption. Their findings acknowledged the 
correctness of the broadly accepted hypothesis that seed protein content is negatively 
correlated with both soymilk and tofu yield. 
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2.14.3 Soybean seed size 
 
 Yield of tofu made from large and medium seeded soybean is higher than that made 
from small seed genotypes supporting the belief that large seeded soybean cultivars are 
desirable for tofu production. However, this conclusion seems only to be valid for 
traditional varieties. Bhardwaj et al. (1999) found that the usefulness of such observations 
is limited since their results demonstrated that the new varieties with very low value of 
seed size had the highest seed protein content among all studied soybean genotypes. Other 
results also identified these new varieties to be a desirable soybean genotype for soymilk 
and tofu preparations. These high protein soybean genotypes have, however, a unique 
genetic background. With increasing use of genetically modified soybean varieties it 
appears that the seed size will not be used as reliable additional information to protein 
content.  
2.14.4 Soaking 
 
 Although there are many ways of preparing soymilk and tofu, soaking soybeans in 
excess water is usually the first step during the manufacture of soybean products. The rate 
of water absorption by dry soybeans provides additional information about soybean seeds. 
This simple test can give an indication of soybean seed characteristics in terms of 
processing properties. The speed of water uptake by soybeans refers to the hardness of the 
seeds and suggests how easily the seeds could be ground. Although it is primarily 
determined by the genotype, the environmental conditions (drought and harvest-time in 
particular) also affect the amount of water absorbed after soaking. The results based on 
observation of 48 soybean samples by Bhardwaj et al. (1999) showed that tofu yield was 
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positively correlated to the rate of water absorption after 1 hour (r = 0.38) and 16 hours (r = 
0.56) of soaking. 
 
 Hsu et al. (1983) determined the water uptake of soybeans during soaking by 
recording the weight increase in beans with respect to time. The temperature was found to 
influence the rate of water uptake, with higher rates associated with higher temperatures. 
Up to one percent sodium bicarbonate showed little effect on the rate of water absorption; 
however, a slower rate was observed at higher concentrations. The rate and maximum 
amount of absorption showed little correlation with the protein content, density, and size of 
the bean. Pre-extraction of beans with methanol increased the water-uptake rate of slow-
absorbing beans. A diffusion model was used to describe the absorption of water by the 
soybeans. Diffusivity was found to be dependent upon the water content in beans.  
 
2.15  The impact of microbial transglutaminase 
 
The thermally induced gelation of soy proteins is not easily controlled, and the 
formed gels are coarse and stiff with poor water-holding capacity. In order to overcome the 
limitation of heat-induced gels of proteins, some other treatments (such as acidification, 
cross-linking or hydrolyzing) have been attempted to induce the gelation instead of the 
heat treatment (Nio et al., 1985; Nonka et al., 1989; Kang et al., 1994; Chanyongvorakul et 
al., 1995; Alting et al., 2002; Tay et al., 2005). Of all these treatments, the gelation of 
proteins by means of transglutaminase (TGase) seems to be more attractive. 
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TGase (EC 2.3.2.13) catalyzes an acyl transfer reaction between γ-carboxyamide 
groups of peptide-bound glutamine residues (acyl donor) and the primary amino groups in 
a variety of amine compounds (acyl acceptor) including peptide-bound ε-amino groups of 
lysine residues (Motoki and Seguro, 1998). As a result, cross-links or ε-(γ-glutamyl)lysine 
isopeptide bonds are formed producing high molecular weight (MW) polymers of proteins. 
To date, many studies have shown that this kind of enzyme, including those from animal 
and microbial sources, can effectively and directly induce casein or casein micelles, 
soybean proteins (including glycinin or β-conglycinin) and even gelatin to form gels (Nio 
et al., 1985; Chanyongvorakul et al., 1994, 1995; Kang et al., 1994; Schorsch et al., 2000; 
Babin and Dickinson, 2001). 
 
Covalent cross-linking is generally recognized as the primary reason for the 
gelation of native soy proteins, but the underlying gelation mechanism seems to be more 
complicated. In some cases, the hydrophobic interactions of some protein constituents of 
glycinin or β-conglycinin, which are not prone to the cross-linking of TGase, should also 
be not neglected (Tang et al., 2006) 
 
In the heat-induced gelation, protein denaturation is a prerequisite to form a gel of 
soy proteins (Utsumi and Kinsella, 1985a,b; Nakamura et al., 1986; Puppo and Anon, 
1998; Renkema and Vliet, 2002), because the exposed hydrophobic areas of denatured 
proteins can interact to form a gel network upon cooling. In the TGase-induced gelation 
cases, both the covalent cross-linking and the following hydrophobic interactions among 
exposed hydrophobic areas of fragmentary components of SPI contribute to the formation 
of the gel network. In addition, the relative importance of individual protein constituents 
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(including glycinin and β-conglycinin) of SPI to the gel formation induced by TGase may 
be different because of the differences in their molecular characteristics (Tang et al., 2006). 
 
Soy proteins are known to be good substrates for transglutaminase (Babiker, 2000; 
Ikura et al., 1980; Tang et al., 2006). Kwan and Easa (2003) demonstrated that 
transglutaminase improved the quality of retort tofu. Addition of transglutaminase was 
found to suppress retort-induced water release, producing a harder product. Treatment with 
transglutaminase produced a firmer tofu, with a significantly increased fracture force, 
suggesting that it may indeed be a useful ingredient for tofu manufacturers. SEM revealed 
that the microstructures of the samples were consistent with the changes in fracture force. 
The firmness varied according to both the concentration of enzyme added and the point of 
addition in the manufacturing process, suggesting opportunities for customising tofu by 
simple alterations in the timing of transglutaminase addition (Yasir et al., 2007). 
 
Kwan and Easa (2003) reported that the addition of transglutaminase or glucose 
suppressed retort-induced water release; however, the effect was more pronounced in tofu 
treated with commercial enzyme. As a result of the cross-links, retort-induced weight 
decrease of tofu could be reduced in a dose dependent manner without losing its textural 
appeal (Nonaka et al., 1996). 
 
2.16  Aqueous extraction of protein from soybeans 
 
Aqueous extraction of soluble components is the basis of several industrial processes 
to obtain soybean products, such as soy milk, protein isolate and concentrate. As an 
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alternative to solvent extraction, an aqueous extraction process should be more 
environmentally friendly and safer, especially in relation to lowering of volatile organic 
compound emission to the atmosphere. Among the alternatives available for process 
improvement is the use of hydrolytic enzymes, the choice of which depends on knowledge 
of the location of the oil in the bean, the biochemical nature of its local environment, and 
the extraction mechanisms (Rosenthal et al., 1998). It has been reported that the low 
extraction yields of aqueous processes can be overcome by using enzymes that hydrolyse 
the structural polysaccharides forming the cell wall of oilseeds, or that hydrolyse the 
proteins which form the cell and lipid body membranes (Fullbrook, 1983). Rosenthal et al. 
(1998) showed that the yields of oil and protein are both influenced by key process 
parameters such as pH and temperature, and that they both increase with multistage 
extraction. However, while protein yield was affected by the solid/liquid ratio the yield of 
oil was independent of this ratio. 
 
In the case of soybean, an aqueous process can potentially result in: (1) the 
simultaneous production of edible oil and protein isolate or concentrate in the same process 
and (2) lower protein damage during extraction. It is worth noting that aqueous enzymatic 
extraction can also be applied to other processes involving soybean, for instance, the 
production of soymilk, high nutritional value soy beverages (containing protein 
hydrolysate), and soy protein concentrates (isolate or hydrolysate) (Rosenthal et al., 2001). 
 
Rosenthal et al. (1996, 1998) have reviewed the main aspects relating to aqueous and 
enzymatic processes for oil extraction, and have also studied the mechanisms involved in 
non-enzymatic aqueous extraction of oil and protein from soybean. These studies reported 
that the disruption of the cell wall of soybean cotyledon during milling operation resulted 
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in an increase in oil and protein extraction yields. Further, these studies also showed that 
the conditions that favoured protein extraction (pH, temperature, particle size, agitation 
rate) also favoured oil extraction. This can be explained on the basis of the observation that 
lipid bodies enmeshed in the cytoplasm, which is predominantly composed of protein, are 
themselves surrounded by proteinaceous membranes (Rosenthal et al., 2001). 
 
Rosenthal et al. (2001) reported that from the enzymes evaluated, a protease 
(Alcalase 2.4L, Novo Nordisk) was the only one that resulted in a definite increase in oil 
and protein extraction from soybean, under defined circumstances—i.e., for large particle 
sizes or when heat-treated flour was used. Although the protease produced higher yields 
when heat-treated material was used, the resulting values were lower than the ones 
obtained for non-heat treated material without using enzymes. Analysis of the experimental 
data using Response Surface Methodology showed that extraction yields obtained with 
protease and cellulase correlated very well with process parameters. While the extraction 
levels for the protease were comparable with non-enzymatic process, the treatment with 
cellulase led to lower extraction levels, possibly due to the adverse effect of the pH set to 
carry out the treatment (Rosenthal et al., 2001). 
 
Many trials were also made for the defatted soybean (soybean meal), but its complete 
digestion and extraction were difficult (Kasai et al., 2005a,b). Fischer et al. (2002) 
examined in detail an extraction of the soybean meal using enzymes. Ouhida et al. (2002) 
also studied an extraction of defatted soybean. The former showed that an advanced 
extraction is possible by using some proteases and a cellulolytic enzyme with a high-
temperature humidity condition as for the soybean meal. A complete enzymatic digestion 
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is very difficult, and some fractions were extracted by an alkaline extraction; the latter 
reports that a residue would be mainly a cellulose-rich composition (Ouhida et al., 2002).  
 
Okara is the filtered residue from which soybean milk is separated and is formed in 
large quantities along with the manufacture of soybean milk or tofu. Recently, it has 
become agricultural waste as the reuse of okara is very difficult, although many trials of its 
use have been done (Kasai et al, 2004). There are many reports on the component analysis 
of okara; generally, it consists of 25.4-28.4% protein, 3.8-5.3% carbohydrate, and 9.3-
10.9% oil and fat (Riet et al., 1989). Therefore, okara contains proteins and other valuable 
components from soybeans. 
 
The structure of the cell wall polysaccharides from soybean was the subject of a 
number of investigations in the sixties. The first determination of the constituent sugars of 
the fractionated soybean polysaccharides was described by Kawamura and Narasaki 
(1961). It appears that pure cloned enzymes, having only one major activity, can not or 
poorly degrade the polysaccharides in the intact soybean cell wall (Huisman, 1999). Schols 
et al. (1993) showed purified enzymes also to be rather limited in the degradation of 
soybean cell wall material. Incubation with very powerful commercial enzyme mixtures 
did not lead to the degradation of the intact cell wall polysaccharides. However, 
polysaccharides extracted from soybean water-unextractable solids could be degraded by 
enzymes more easily. Extraction of part of the polysaccharides from the cell wall network 
might enlarge the pores present in this network and enable enzymes to penetrate and reach 
the available hydrolysis sites. This indicated that it is necessary to disrupt the network of 
the cell wall polysaccharides to enable the enzymes to degrade them (Huisman, 1999). 
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Due to the complexity of the soy cell wall a number of enzyme activities are needed 
for complete degradation (Ouhida et al., 2002). The general practice is to divide the plant 
cell wall degrading enzymes into pectinases, hemicellulases and cellulases. Commercial 
carbohydrase preparations, e.g. pectinases from fungi, contain a wide range of different 
enzyme activities relevant for soy degradation (Fischer, 2006). An extensive degradation 
of the soy cell wall polysaccharides is known to demand several enzyme activities. The 
combination of endo-galactanase, exo-galactanase, endo-arabinanase and 
arabinofuranosidase B was very effective in degrading the arabinogalactan side chains. 
 
The complexity of the soy cell walls, in combination with varying forms of heat 
treatment, is leading to reduced accessibility of the substrate to the enzymes (Fischer, 
2006). Release of, assumedly, encapsulated protein has been explained by enzymatic 
disruption of the cell wall matrix, which resulted in a more effective degradation of 
proteins by the digestive proteases or/and exogenous proteases (Bedford, 2000). Ouhida et 
al. (2002) reported that incubation of water insoluble polysaccharides in soybean 
cotyledons with pectinase, cellulase, and xylanase resulted in the release of only low 
amounts of monosaccharides, mostly uronic acids, xylose, and arabinose. Protein 
extraction hardly increased after enzymatic incubation. Although recent literature has 
identified pectinases which are capable of degrading residual pectin structures from okara 
(soybean milk residue), only a limited effect on protein release was reported (Kasai et al., 
2005a,b). In the work of Rosenthal et al. (2001) and Kasai et al. (2005a,b), proteases were 
the only enzymes that resulted in a definite and effective increase in protein extraction. 
Fischer (2006) showed that a large proportion of the soy proteins are actually accessible to 
the proteolytic enzymes but the efficacy of proteolytic extraction is to varying degree 
affected by peptide aggregation. 
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 The study by Jung et al. (2006) investigated the potential of enzymes to increase soy 
protein extractability without causing protein degradation. The aqueous extraction of 
protein was performed from defatted soy flakes on a laboratory- and pilot-plant scale. A 
modest increase in the protein extraction yield was obtained by using carbohydrases at a 
laboratory scale; however, this yield was less when scaled up. Carbohydrases have been 
reported to have only a limited effect on intact soybean cell walls before (Ouhida et al., 
2002) and treating defatted soybean flakes with cellulase preparations led to the same 
conclusion. The same team identified a pectinase mixture that significantly increased the 
protein extraction yield, and this preparation may be useful for SPI production since its use 
resulted in a product with improved foaming stability and lower viscosity. The use of 
drastic thermal treatment (i.e., autoclaving, in combination with carbohydrase treatment) 
was recently reported as an efficient procedure to improve protein extractability from the 
soybean fiber residue of soymilk production (okara). However, a thermal treatment at 
121°C for 20 min may dramatically alter the functionality of the extracted proteins. 
Maintaining protein functionality by keeping the original structural conformations is a 
major concern and explains why no protease treatment was performed. Secondary protease 
activity may, however, be present in carbohydrase preparations and it alters the functional 
properties of extracted proteins (Jung et al., 2006). 
 
2.17  Concluding comments and aims of the project 
 
Soy protein has received increased attention in recent years among consumers, 
researchers, and the media. Proteins are one of the principal components in food due to 
their diverse functionality. They form structured networks to provide mouthfeel and 
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texture, act as emulsifiers to stabilise oil droplets and provide nutrition in products. 
Although ubiquitous, little is known about the protein molecular properties that govern 
these attributes and their material behaviour in food products. There are two major aspects 
regarding protein quality: nutritional and functional. Traits that would increase nutritional 
quality and/or functional properties of soy protein include high levels of essential amino 
acids, low levels of antinutritional factors and improved gelation characteristics. However, 
what makes a soybean variety superior is not clear. Consequently, many soyfood 
manufacturers now buy soybeans by trial and error, rather than by scientific knowledge. 
Once they find a type of bean that seems to work well under their processing conditions, 
they stay with it as long as it is available. 
 
The composition of soy protein curd depends fundamentally on soybean varieties 
and the way tofu is made. Tofu with high moisture content, such as silken tofu, may give 
higher bulk yield but it tends to have soft texture as well as shorter shelf life. From a 
nutritional point of view, a product with high protein and mineral content is preferred. 
Factors that influence tofu quality and yield have been the subject of substantial research in 
the past. Various studies have shown that the quality and yield of tofu are directly affected 
by the quality of soymilk and its subsequent coagulation process. The quality of soymilk 
depends on the varieties of soybeans and the preparation conditions of soymilk, whereas 
the coagulation process depends on the concentration and temperature of soymilk, the type 
and relative amount of coagulant, and the mixing method and time. 
 
Nevertheless, an attempt was made here to summarize results of current literature on 
factors affecting the gelation of soybean protein. In food systems an understanding of the 
mechanisms underlying thermally induced soy protein aggregation is essential if the 
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conditions used in food systems are ever to be manipulated in a knowledge based fashion. 
However, improving our knowledge of such systems is also fundamental to understanding 
nutritional effects of food proteins. Soya is only consumed in a processed form and hence 
adverse effects, such as allergic reactions, and beneficial health effects, such as the 
availability of dietary antioxidants, may all be influenced by thermally induced changes in 
protein structure. 
 
 
The aims of this research were: 
 
1. to investigate the effect of different chemical coagulants as well as proteases on yield 
and quality of tofu from soybeans. 
 
2. to examine the gelling properties of different soybean varieties with regards to 
functional and pasting properties as influenced by protein subunit composition. 
 
3. apply SDS gel capillary electrophoresis to characterize soybean storage proteins and to 
compare with lab-on-a-chip technology. 
 
4. to investigate the potential of selected hydrolytic enzymes to overcome the low protein 
extraction yields of aqueous processes and to examine the effect of transglutaminase on 
improving the quality of soy protein gelation. 
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Chapter 3 
3 EFFECT OF DIFFERENT COAGULANTS ON YIELD 
AND QUALITY OF TOFU FROM SOYBEANS 
 
3.1 Introduction 
 
Generally, protein gelation is a two-stage process involving an initial unfolding of a 
protein molecule followed by subsequent aggregation. Heat treatment of a protein exposes 
the functional groups, such as CO and NH of peptide bonds, side-chain amide groups, and 
hydrophobic groups. As thermal denaturation occurs, most protein molecules begin to 
unfold and to increase the amount of water tightly bound to the protein.  If protein-protein 
interaction occurs, it leads to the formation of a three-dimensional gel network capable of 
entraining water molecules and a gel is likely to form (Hermansson, 1978). 
 
The objective of this study was to examine the impact of various factors on soy curd 
formation and to assess the ability of different coagulants to induce the gelation of soy 
protein. Tofu yield, its moisture and textural properties were observed as they were 
influenced by the amount and type of coagulant and the temperature at which the 
coagulation occurred. The aim was also to examine the soymilk-clotting activity of a 
proteolytic enzyme (papain) and compare the properties of the resulting coagulum to that 
produced by traditional chemical coagulants. 
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3.2 Materials and methods 
3.2.1 Soybeans 
 
Soybeans (variety Djakal grown in northern NSW in 2005/2006) were provided by 
Unigreen Food Pty. Ltd. The percentage of nitrogen in the sample was determined by the 
thermal combustion method using a TruSpec Series N Elemental Determinator (LECO 
Corporation, St. Joseph, MI). A portion of soybeans was ground in a 8’’ laboratory mill 
(Christy and Norris Limited, Process Engineers, Chelmsford, England) to produce the 
flour. Approximately 200 mg of soybean flour was loaded into a ceramic boat sample 
holder. Instrument output was in % nitrogen calibrated with EDTA and was converted to 
% protein using a conversion factor of 5.70. Protein content was calculated on a dry weight 
basis and was 36.1% (32.9% “as is” – with 8.8% moisture in samples). The harvested seed 
samples were cleaned and stored in plastic containers in the dark at 4°C until they were 
processed for soymilk. 
 
3.2.2 Chemical reagents 
 
Food grade coagulant calcium sulfate was obtained from Unigreen Food Pty Ltd 
(NSW, Australia). Papain [from papaya latex, lyophilized powder, 0.5-2 units/mg solid] 
was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Other chemical reagents 
were of analytical reagent grade. 
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3.2.3 Preparation of soymilk 
 
One hundred grams of soybeans were first rinsed and soaked in 500 mL of 
deionized water for 16 h at 5°C. Hydrated soybeans were drained (the vessel containing the 
soaked beans and water was covered with stainless steel wire mesh, inverted and gently 
agitated for a few seconds to drain all soaking water), rinsed and ground in a Waring 
blender for 2 min on high speed with 400 mL water. The slurry was run through a 
centrifugal juice extractor, which had been lined with a layer of Miracloth® (quick 
filtration material for gelatinous grindates, pore size 22 - 25 µm; Calbiochem, USA) to 
remove the coarse material (okara) from the soymilk slurry. The volume of the final raw 
soymilk was set to 500mL using deionized water. In each experiment, the raw soymilk was 
freshly prepared daily. 
 
3.2.4 Preparation of tofu using chemical coagulants 
 
One hundrer mL of freshly prepared soymilk (20°C) was transferred to a plastic 
container and maintained in a 96°C water bath for 15 min. The hot soymilk was removed 
from the water bath and transferred to a beaker. The following coagulants were used: (1) 
nigari-type salts (magnesium chloride, calcium chloride); (2) sulfate-type coagulants 
(calcium sulfate, magnesium sulfate); (3) glucono-δ-lactone (GDL); (4) acidic coagulants 
(acetic acid, lactic acid) at concentrations of 30, 60 and 90 mM.  The coagulant was added 
to soymilk at either 90°C or 50°C for each concentration of coagulant and the mixture was 
stirred five times. The solution was allowed to coagulate undisturbed for 30 minutes at the 
room temperature. The curd was then cut into small pieces by stirring with a medium-size 
laboratory spatula to release whey, and the curd pieces were transferred into a laboratory-
designed tofu box (48x60 mm dia cylindrical steel mould) lined with Miracloth for 
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molding. The cloth was folded over the top of the curd and pressing was achieved with a 
weight, equivalent to the pressure of 27 g/cm2 (the weight covered the entire top surface of 
the folded cloth of curd while pressing), for 16 hours at 4°C. The tofu was then unwrapped 
from the Miracloth and the weight of the fresh tofu brick recorded. Textural analysis was 
conducted promptly. 
 
3.2.5 Assay for soymilk-clotting activity of papain 
 
Two 500 mL portions of freshly prepared soymilk were heated in a water-bath 
(96°C) for 30 and 60 minutes. After the heating treatment, the soymilk was cooled in an ice 
bath to about 10°C. An enzyme solution (2 mL) containing 50, 100, 250 and 500 mg of 
papain, was placed in the screw-cap tubes. Thirty-five mL of soymilk preheated to 
temperatures of 40, 50, 60, 70 and 80°C was added to the tubes and the mixture was 
incubated in a water bath for 10 min. The resulting coagulum was centrifuged at 4.000 x g 
for 10 min in the Beckman L ultracentrifuge. In this experiment, soymilk-curd refers to the 
precipitate made by centrifugation of the coagulum. The protein recovery of soymilk-curd 
was calculated by subtracting the protein content in whey measured by the Bradford 
method from the total protein content in the soymilk. The experiment was conducted for 
both types of soymilk (preheated for 30 and 60 min). 
 
3.2.6 Preparation of soy curd using papain 
 
To a portion of soymilk (100 mL) previously heated in a 96°C water bath for 15 
min then left to cool, papain (250 mg) was added and the mixture kept at 40°C. After 15 
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minutes, the coagulated soymilk was transferred into a tofu box lined with Miracloth for 
molding (as in 3.2.4). 
 
3.2.7 Determination of tofu yield and moisture 
 
Tofu yield was determined by weighing the tofu brick immediately after removing 
from the tofu-box and was expressed as weight in grams of fresh tofu produced per 100 
grams of soymilk. 
 
An approximate 3 g portion was used for dry matter determination. The total solid 
content of tofu sample was determined by drying the sample to constant weight at 85°C in 
an air oven. 
 
3.2.8 Determination of soymilk and whey protein content 
  
After the lipids had been removed by n-hexane, the protein content of soymilk and 
whey samples was determined by the Bradford method (Bradford, 1976) using bovine 
serum albumin as a standard. 
 
3.2.8.1 Reagents 
 
Coomassie Brilliant Blue G-250 and β-mercaptoethanol was obtained from Sigma, 
and used as supplied. Sodium dodecyl sulfate was obtained from BDH Chemicals Ltd., 
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Poole, England. Bovine serum albumin (2x crystallized) was obtained from Sigma. All 
other reagents were of analytical grade. 
 
 
3.2.8.2 Preparation of protein reagent 
 
 
Coomassie Brilliant Blue G-250 (100 mg) was dissolved in 50 ml 95% ethanol. To 
this solution 100 ml 85% (w/v) phosphoric acid were added. The resulting solution was 
diluted to a final volume of 1 liter. Final concentrations in the reagent were 0.01% (w/v) 
Coomassie Brilliant Blue G-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid. 
 
3.2.8.3 Protein assay 
 
Protein solution containing 10 to 100 μg protein in a volume up to 0.1 ml was 
pipetted into 12 x 100 mm test tubes. The volume in the test tube was adjusted to 0.1 ml 
with appropriate buffer. Five milliliters of protein reagent was added to the test tube and 
the contents mixed by vortexing. The absorbance at 595 nm was measured after 5 min in 3 
ml cuvettes against a reagent blank prepared from 0.1 ml of the appropriate buffer and 5 ml 
of protein reagent. The weight of protein was plotted against the corresponding absorbance 
resulting in a standard curve used to determine the protein in unknown samples. 
 
3.2.9 Determination of textural properties of tofu 
 
The textural properties of tofu were determined using the Texture Profile Analysis 
(TPA) curve described by Bourne (1978). Texture Profile Analysis uses mechanical 
parameters of texture which imitate the action of jaws, and the texture analyser is 
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programmed to compress a bite-size piece twice in a reciprocating motion. A typical TPA 
curve for tofu is shown in Figure 3.1. 
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Figure 3.1: Typical TPA curve for tofu. 
 
Texture analysis was carried out using a laboratory-developed system consisting of a 
moving probe and a digital balance connected to a computer equipped with software 
recording the actual force produced by compressing the tofu sample (as detailed in Rice 
(2004)). A disk probe (40 mm in diameter and 1 mm in height) was employed. Samples for 
texture measurement were 2x2 cm dia. cylinders of tofu, cut from the main block with a 
cork borer, then trimmed to length by cutting with fine wires set in a frame 2 cm apart. A 
two-cycle compression test was used, in which the probe touched the sample and 
compressed it to 75% of the brick height (15 mm) at a cross-head speed 18 mm/min, 
returned and repeated the test using the same parameters. Parameters recorded from each 
test curve were fracturability, hardness, cohesiveness, gumminess, springiness, chewiness 
and resilience. These values represent standard calculations of curve attributes of Texture 
Profile Analysis described by Bourne (1978). All the peaks were recorded as forces 
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expressed in grams, and the computer program calculated the areas under the curves as 
gram-seconds. Each tofu sample was analyzed in duplicate. 
 
The explanation of the textural parameters and their calculations from the curve: 
Hardness: the peak force of the first compression of the product. 
Fracturability: Not all products fracture; but when they do fracture the fracturability 
point occurs where the plot has its first significant peak (where the force falls off) 
during the probe's first compression of the product. 
Cohesiveness - is how well the product withstands a second deformation relative to 
how it behaved under the first deformation. It is measured as the area of work 
during the second compression divided by the area of work during the first 
compression (the ratio of the positive force areas under the first and second 
compressions. 
Resilience: is how well a product "fights to regain its original position". The 
calculation is the area during the withdrawal of the first compression, divided by 
the area of the first compression). 
Springiness (elasticity): is how well a product physically springs back after it has 
been deformed during the first compression. The springback is measured at the 
downstroke of the second compression. Springiness was measured by the distance 
of the detected height of the product on the second compression (Length 2 on 
Figure 3.2), as divided by the original compression distance (Length 1). 
Gumminess: Gumminess only applies to semi-solid products and is Hardness * 
Cohesiveness  
Chewiness: Chewiness only applies for solid products and is calculated as  
Gumminess*Springiness  
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 Figure 3.2: A typical TPA curve for food products showing the textural parameters and 
their calculations (http://www.texturetechnologies.com/texture_profile_analysis.html). 
 
3.3 Results and Discussion 
 
The results are summarized in Table 3.1. The moisture of tofu ranged from 71.1% to 
81.7% and the soy curds coagulated at higher temperature contained on average 4.0% more 
moisture when compared to those prepared at lower temperature. The pH of whey was not 
dependent on the temperature at which the coagulant was added. On average, GDL and 
organic acids produced the curd with lowest moisture content, indicating good separating 
ability of coagulum and whey. On the other hand, the curd that developed from using the 
CaSO4 wasn’t solid enough to perform the textural analysis. It is presumed that the 
pressure of 27 g/cm2 wasn’t sufficient enough to produce a brick of tofu in this case. Lactic 
acid produced on average the highest yield of tofu (46.5 g/100 g soymilk) while 
magnesium chloride gave the lowest (42.9 g/100g soymilk) of all tested coagulants.  
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Table 3.1: Tofu yield, tofu moisture, yield of whey and its pH as influenced by various 
levels and types of chemical coagulants as well as temperature at which the coagulant was 
added (100 g of soymilk was used for each assay). 
 
Exp. 
No. Coagulant
Amount of 
Coagulant 
[mM] 
Soymilk 
Temperature
Weight 
of Whey 
[g] 
pH of 
Whey 
Tofu 
Yield [g] 
Tofu 
Moisture 
[%] 
1 30 33.01 5.65 44.98 76.16 
2 60 38.23 5.10 41.38 71.52 
3 90 
90°C 
42.01 4.80 40.53 71.10 
4 30 24.45 5.60 47.49 75.46 
5 60 34.23 5.05 42.63 73.73 
6 
GDL 
90 
50°C 
32.49 4.70 45.30 74.23 
7 30 - - - - 
8 60 - - - - 
9 90 
90°C 
- - - - 
10 30 - - - - 
11 60 - - - - 
12 
CaSO4 
90 
50°C 
19.07 6.00 55.61 77.15 
13 30 33.01 6.25 42.35 74.27 
14 60 37.40 6.10 39.47 71.95 
15 90 
90°C 
34.93 6.05 39.92 73.14 
16 30 25.70 6.25 43.60 77.04 
17 60 26.92 6.10 42.72 76.69 
18 
MgCl2 
90 
50°C 
20.16 6.00 49.85 78.70 
19 30 36.63 6.05 43.65 73.27 
20 60 39.60 5.90 42.40 72.78 
21 90 
90°C 
32.22 5.80 48.95 75.70 
22 30 33.16 6.00 41.86 75.99 
23 60 30.75 5.85 42.14 75.62 
24 
CaCl2 
90 
50°C 
28.65 5.80 46.48 77.16 
25 30 36.70 6.35 42.54 74.96 
26 60 37.20 6.25 42.52 74.41 
27 90 
90°C 
35.20 6.20 42.94 75.16 
28 30 18.95 6.30 54.44 81.69 
29 60 33.22 6.20 42.42 76.83 
30 
MgSO4 
90 
50°C 
28.07 6.15 46.13 78.48 
31 30 37.91 4.75 44.00 72.90 
32 60 35.33 4.25 45.65 74.51 
33 90 
90°C 
35.50 4.05 47.15 74.75 
34 30 36.80 4.75 41.59 72.50 
35 60 38.32 4.20 42.57 72.60 
36 
Acetic 
Acid 
90 
50°C 
32.46 4.05 50.00 76.53 
37 30 36.00 5.20 44.79 73.12 
38 60 36.55 4.60 45.40 67.35 
39 90 
90°C 
33.05 3.85 47.46 75.99 
40 30 37.03 5.15 42.05 73.20 
41 60 35.74 4.55 42.79 74.43 
42 
Lactic 
Acid 
90 
50°C 
21.25 3.80 56.68 80.14 
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Table 3.2 summarizes the textural characteristics of tofu samples. Hardness and 
gumminess were shown to be the most significant indicators of tofu texture. For all tested 
chemical coagulants, except for organic acids, significant correlations were found between 
tofu hardness and volume of separated whey (r = 0.91, P < 0.05) and between the 
fracturability and gumminess of tofu (r = 0.96, P < 0.05). Not all samples fractured during 
the probe’s first compression – solid samples tend to fracture under the pressure in contrast 
to semi-solid products with high moisture content. Cohesiveness, which compares the 
behaviour of the sample under the first and second compression, did not differ much 
between the samples. Large differences were, however, observed among the springiness 
(elasticity) values, where MgCl2 and CaCl2 produced tofu with highest values indicating 
that these products regain their original size after the first compression. 
 
The results showed that hardness was significantly correlated with moisture content 
(R=0.89, P<0.05) for all coagulants except for GDL, where no statistically significant 
relation was found. That agrees with the results of Kohyama et al. (1995b) who studied the 
difference between GDL-induced and salt-induced gelation and concluded that the main 
difference is in the kinetics that influences the water-binding ability of gels. 
 
Coagulants can be classified into two groups – slow-acting coagulants such as 
CaSO4 and GDL, and quick-acting coagulants such as MgCl2 and CaCl2. Because GDL 
slowly hydrolyzes into gluconic acid, its addition results in a gradual and homogeneous 
decrease in pH without the need for stirring. This is in contrast to acidification by the 
addition of organic or inorganic acids, which requires mixing during acidification, 
resulting in inhomogeneous gel formation (Kuipers et al. 2005).  
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Table 3.2 Textural properties of tofu as influenced by various levels and types of chemical 
coagulants as well as temperature at which the coagulant was added (100 g of soymilk was 
used for each assay). N/A means that no fracturability value was detected (no peak 
occurred during the first compression before the peak representing hardness). 
 
Exp. 
No. Coagulant
Amount of 
Coagulant 
[mM]
Soymilk 
Temperat
ure
Cohesive
ness
Springi 
ness
Chewiness 
[g]
Gumminess  
[g] Resilience
Hardness 
[g]
Fracturabil
ity        
[g]
1 30 0.32 0.42 78 188 0.087 587 206
2 60 0.32 0.47 84 180 0.117 558 195
3 90 0.30 0.62 163 262 0.106 870 259
4 30 0.30 0.42 30 71 0.091 240 94
5 60 0.35 0.67 179 266 0.096 762 249
6 90 0.31 0.54 88 163 0.094 522 141
7 30 - - - - - -
8 60 - - - - - -
9 90 - - - - - -
10 30 - - - - - - -
11 60 - - - - - - -
12 90 0.32 0.58 28 48 0.099 150 N/A
13 30 0.38 0.86 248 289 0.148 758 372
14 60 0.33 0.83 303 364 0.167 1093 532
15 90 0.32 0.76 241 319 0.163 987 474
16 30 0.33 0.43 44 102 0.093 313 132
17 60 0.34 0.71 94 132 0.083 390 199
18 90 0.28 0.33 18 54 0.128 196 105
19 30 0.35 0.61 116 189 0.143 546 N/A
20 60 0.39 0.78 292 374 0.150 970 N/A
21 90 0.35 0.74 104 140 0.150 404 152
22 30 0.35 0.74 124 167 0.134 483 210
23 60 0.35 0.70 98 140 0.123 397 185
24 90 0.31 0.49 41 84 0.052 270 103
25 30 0.33 0.80 211 264 0.146 793 363
26 60 0.36 0.82 375 457 0.151 1286 419
27 90 0.38 0.65 234 358 0.184 944 311
28 30 - - - - - - -
29 60 0.28 0.64 54 84 0.094 303 171
30 90 0.34 0.30 20 66 0.114 192 78
31 30 0.43 0.54 130 241 0.180 557 N/A
32 60 0.29 0.50 56 111 0.154 377 119
33 90 0.34 0.54 84 156 0.109 462 119
34 30 0.29 0.40 57 143 0.103 489 119
35 60 0.35 0.50 52 104 0.105 296 129
36 90 0.30 0.36 23 63 0.107 214 N/A
37 30 0.33 0.52 97 103 0.179 498 143
38 60 0.33 0.51 58 134 0.143 321 156
39 90 0.34 0.63 77 58 0.099 411 122
40 30 0.27 0.52 114 172 0.116 501 119
41 60 0.32 0.48 101 138 0.125 301 129
42 90 0.29 0.39 104 88 1.110 217 N/A
GDL
MgCl2
MgSO4
Lactic 
Acid
90°C
50°C
CaSO4
90°C
50°C
Acetic 
Acid
90°C
50°C
90°C
50°C
CaCl2
90°C
50°C
90°C
50°C
90°C
50°C
-
-
-
 
 
When lactic acid was used as a coagulant the tofu with the highest yield was 
produced, while MgCl2-tofu had on an average the highest hardness compared to other 
tested coagulants. MgSO4 was also shown to be very effective in producing hard curd, 
however this was valid only when the coagulant was added at high temperature. GDL was 
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the only one of the tested coagulants able to produce a relatively hard tofu when a 
coagulant was added at 50 °C. The results also confirmed the well-known fact that the use 
of a suitable concentration of the quick-acting coagulants is more critical than that of the 
slow-acting coagulants in tofu making.  
 
Lack of strong correlation between the pH of whey and any of the studied texture 
characteristics of tofu confirmed the assumption that the extent of soymilk gelation is not 
determined by a single characteristic but rather results from a combination of factors. This 
indicates that the observed aggregation is not just a balance of repulsive electrostatic and 
attractive hydrophobic interactions, but is more complex. Specific electrostatic attractions 
may also play a role, making the aggregation mechanism much more delicate and less 
predictable (Scilingo and Anon, 1996). Moreover, effects on aggregation kinetics may not 
become apparent within the time scale of the experiment. 
 
Papain was able to induce the coagulation of protein in soymilk. The amount of 
protein recovered in the curd was dependent on the amount of enzyme used (see Chapter 4 
for detailed description of results). It was shown that the coagulation was not due to the 
drop of pH value, but by the action of the enzyme. The incubation at 40°C resulted in the 
highest protein recovery in the curd (Figure 4.2). Heating of soymilk for double the time 
did not increase the coagulation ability of papain.  
 
Texture analysis revealed that tofu where papain was used as a coagulant had about 
ten times lower springiness, six times lower hardness and over a hundred times lower 
chewiness than GDL-tofu. Such softness and non-elasticity are among the characteristics 
of tofu that are not desirable for consumers. Since there doesn’t seem to be a direct 
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utilization of a product prepared by enzyme-induced gelation, the potential exists in the 
acid-induced gelation of aggregated hydrolysates. More detailed study using the 
proteolytic enzymes to induce the gelation of soymilk protein is presented in Chapter 4. 
 
Because the hydrolysis of soy proteins can take place at ambient temperature, 
hydrolysis may be a way to modulate the structure of soy proteins to improve their 
performance in the cold gelation process. To be able to modulate the texture of soy protein 
products, the aggregation behavior of the protein hydrolysates and the parameters that 
influence this behavior in such a complex environment that the soymilk is, should be 
understood. 
 
3.4 Conclusions 
 
All eight tested coagulants were able to coagulate the soymilk at selected 
concentrations. The results showed that the concentration of soymilk and type of coagulant 
had a great influence on the texture of tofu gel. Bean curd made with CaCl2 and MgCl2 was 
coarse, granular, and hard, whereas calcium sulfate and GDL gave a smooth, soft, and 
uniform curd. Tofu made by acidification using organic acids was less hard and displayed 
higher stickiness. 
 
It was shown that soy protein coagulates during the treatment with proteases. The 
coagulation is different from that mediated by Mg2+ and Ca2+ in preparing tofu, and there 
might be a possibility that the coagulum could be used as a foodstuff with a novel texture 
and functional property. The cleavage pattern might be dependent on the proteases used 
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and the characteristics of soybean proteins in soybean milk. The effect of fatty acids and 
protease inhibitors on the action of proteases and coagulum formation should be examined. 
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Chapter 4 
4 THE EFFICIENCY OF COAGULATION OF SOY 
PROTEIN INDUCED BY COMMERCIAL PROTEASES 
 
4.1 Introduction 
 
The heat-induced gelation involves the formation of aggregates, which subsequently 
form a more or less continuous network. The properties of heat-induced gels depend on the 
conditions during aggregate formation (Kuipers et al., 2005). Gels can also be prepared at 
ambient temperature, as reviewed by Bryant and McClements (1998). In this so-called cold 
gelation process, two stages can be distinguished: the preparation of a heat-denatured 
globular protein solution and the induction of gelation at ambient temperature (Kuipers et 
al., 2005). Using heat-denatured soy proteins, gelation can be induced by gradual 
acidification. 
 
Besides heating and acidification, enzymatic hydrolysis can be used to improve the 
functional properties of soy proteins. In general, hydrolysis is assumed to be unfavorable 
for the gelling properties of proteins, because it increases the amount of charged groups 
and reduces the molecular weight, which impede gelation. On the other hand, the structure 
of the protein is modified during hydrolysis, and hidden hydrophobic groups become 
involved, which could result in aggregate formation (Kuipers et al., 2005). Under certain 
conditions these aggregates can form gel networks, and in certain cases, hydrolysis has 
been observed to enhance the gelling properties of the protein (Doucet et al., 2001). For 
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example, the reaction mechanism has been studied extensively in the case of the 
coagulation of milk casein induced by rennet. 
 
It was shown that bromelain could induce the gelation of soy proteins (Fuke et al., 
1985). It has also been found that different proteases of microbial origin can induce 
coagulation of proteins in soy milk (Murata et al., 1987a). It might be expected that under 
certain conditions these aggregates would form a gel network upon hydrolysis. To be able 
to alter and control the texture of soy protein products, the aggregation behavior of the 
protein hydrolysates should be understood. 
 
Several studies (Zhong et al., 2007) evaluated the ability of selected microbial 
proteases to coagulate the soy protein dispersions. Only a few studies (Murata et al., 
1987a,b; Fuke and Matsuoka, 1980) have paid attention to the importance of the 
differences in the protease efficiency to coagulate soymilk. The objective of this study was 
to survey the gelation ability of various most common commercially available proteases to 
coagulate non-defatted soymilk. Thermal stabilities of selected protease systems were 
compared. 
4.2 Materials and methods 
 
4.2.1 Soybeans 
 
Soybeans (variety Djakal grown in northern NSW in 2005/2006) were provided by 
Unigreen Food Pty. Ltd. The percentage of nitrogen in the sample was determined by the 
thermal combustion method as described in 3.2.1. Protein content was calculated on a dry 
weight basis and was 36.1%. 
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4.2.2 Chemical reagents 
 
Food grade coagulant calcium sulfate was obtained from Unigreen Food Pty Ltd 
(NSW, Australia). Calcium chloride (CaCl2) was obtained from Sigma Aldrich. Other 
chemical reagents were of analytical reagent grade. 
 
4.2.3 Proteases 
 
The commercial proteases originating from microorganisms, plants and animals are 
listed in Table 4.1, and were used during this experiment without any purification. They 
were purchased from Sigma (St. Louis, MO, USA), Fluka (Switzerland) and MP 
Biomedicals (NSW, Australia). 
 
Table 4.1: List of enzymes used in the study 
No. Enzyme     Activity1  Manufacturer 
 1 Protease from Bacillus sp.        17.1 U/g  Sigma 
 2 Protease from Streptomyces griseus  5.2 U/mg solid  Sigma 
 3 Thermolysin from Bacillus    36.5 U/mg  Fluka 
thermoproteolyticus rokko  
 4 Protease from Aspergillus sojae  0.43 U/mg solid Sigma 
 5 Protease from Aspergillus oryzae  554 U/g  Sigma 
 6 Proteinase N from Bacillus subtilis  8.66 U/mg solid Fluka 
 7 Protease from Bacillus amyloliquefaciens 0.86 U/g  Sigma 
 8 Protease from Rhizopus sp.   0.51 U/mg solid Sigma 
 9 Bromelain from pineapple stem  3.0 U/mg solid  Sigma 
10 Ficin from fig tree latex   0.1 U/mg solid Sigma 
11 Papain from Carica papaya   4.0 U/mg solid   Fluka 
12 Papain from Papaya latex (Papainase) 1.0 U/mg solid Sigma 
13 Protease from Bacillus polymyxa  0.8 U/mg solid Sigma 
14 Protease from bovine pancreas  6.9 U/mg solid Sigma 
15 Proteinase from Aspergillus melleus  4.0 U/mg solid  Sigma 
16 Protease from Bacillus licheniformis   12.9 U/mg protein Sigma 
(Subtilisin Carlsberg) 
17 Rennin from calf stomach (Chymosin) 24 U/mg solid  Sigma 
18 Protease from Streptomyces caespitosus  107 U/mg  MP Biomed. 
1 Enzyme activity as stated by the manufacturer 
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4.2.4 Preparation of soymilk 
 
In each experiment, the raw soymilk was freshly prepared daily as described in 
3.2.3. 
 
4.2.5 Coagulability of soymilk with proteases 
 
Freshly prepared soymilk was preheated in the waterbath at 96°C for 30 minutes 
and then allowed to cool to room temperature. The pH and protein content of the preheated 
soymilk were 6.4 and 2.0% (w/w), respectively. In order to compare the coagulation ability 
of different proteases on soy proteins, eighteen different proteases at concentrations 
providing the same activity (0.083 U/mL) were used individually to coagulate the soymilk. 
Three different temperatures were used to evaluate the coagulation efficiency of proteases. 
30 mL of soymilk was preincubated at 37, 50 and 70°C in a waterbath. A 0.1 mL sample of 
the enzyme solution was added to the soymilk and mixed for a few seconds. After 10 
minutes of incubating the mixture in the bath, the contents of the tube were quickly cooled 
by submersion in ice water. The resulting coagulum was centrifuged at 4,000 x g for 10 
min in the Beckman ultracentrifuge. The volume and the protein content of whey was 
determined. 
 
4.2.6 Assay for soymilk-clotting activity of proteases 
 
Portions of freshly prepared soymilk (500 mL) were heated in a water-bath (96°C) 
for 30 minutes. After the heat treatment, the soymilk was cooled in an ice bath to about 
10°C. Two mL of an enzyme solution containing 10, 20, 50 and 100 mg of papain, 
respectively (equivalent of 1, 2, 5 and 10 U/mL soymilk, respectively), was placed in the 
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screw-cap tubes. Thirty-five mL of soymilk preheated to temperature of 40, 50, 60, 70 and 
80°C was added to the tubes and the mixture was incubated at that temperature in a water 
bath for 10 min. The resulting coagulum was centrifuged at 4.000 x g for 10 min in the 
Beckman ultracentrifuge. In this experiment, soymilk-curd refers to the precipitate made 
by centrifugation of the coagulum. The protein recovery of soymilk-curd was calculated by 
subtracting the protein content in whey measured by the Bradford method from the total 
protein content in the soymilk. 
  
4.2.7 Effect of calcium ions on coagulation of soymilk protein 
 
The enzyme showing high soymilk-clotting efficiency was used. Soymilk (30 mL, 
50°C) containing enzyme (0.083 U/mL) was supplemented with 30, 60 or 90 mM of 
CaCl2, and the soymilk-clotting activity determined as described earlier (section 4.2.5). 
 
4.2.8 Determination of soymilk and whey protein content 
 
After the lipids had been removed by n-hexane, the protein content of soymilk and 
whey samples was determined by the Bradford method (Bradford, 1976) using bovine 
serum albumin as a standard as described in 3.2.8. 
 
4.2.9 Determination of textural properties of the curd 
 
The textural properties of tofus were determined using the Texture Profile Analysis 
(TPA) curve by Bourne (1978) as described in section 3.2.9. 
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4.2.10 Determination of degree of hydrolysis 
 
The degree of hydrolyis (DH) of soymilk from which the tofu was made to determine 
its hardness was determined by the improved OPA method developed by Nielsen et al. 
(2001) with serine used as the standard.  
 
Chemicals. The Na-dodecyl-sulfate (SDS), di-Na-tetraborate decahydrate, o-
phthaldialdehyde, dithiothreitol (DTT) and serine were obtained from Sigma. All other 
reagents were of analytical grade. 
 
Reagents. The OPA reagent was prepared as follows: 7.620 g di-Na-tetraborate 
decahydrate and 200 mg SDS were dissolved in 150 mL deionized water. The reagents 
were completely dissolved before continuing. 160 mg o-phthaldialdehyde 97% (OPA) was 
dissolved in 4 mL ethanol. The OPA solution was then transferred quantitatively to the 
above-mentioned solution by rinsing with deionized water. 176 mg dithiothreitol 99% 
(DTT) was added to the solution by rinsing with deionized water. The solution was made 
up to 200 mL with deionized water. The serine standard was prepared as follows: 50 mg 
serine was diluted in 500 mL deionized water (0.9516 meqv/L). 
 
Procedure. All spectrophotometer readings were performed at 340 nm using deionized 
water as the control. Three mL OPA reagent was added to all test tubes. Test tubes used for 
analyzing 1 sample (double determinations) were: standard, 4 tubes; blank, 4 tubes; 
sample, 4 tubes. As absorbance changes somewhat with time, it is important the samples 
stand for exactly the same time (2 min) before measuring. The assay was carried out at 
room temperature.  
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Standard measuring. 400 μL serine standard was added to a test tube (time 0) containing 3 
mL OPA reagent and mixed for 5 s. The mixture stood for exactly 2 min before being read 
at 340 nm in the spectrophotometer. Two standards were measured before the blanks along 
with sample values. The last 2 standards were measured after having determined all blanks 
and sample values. The mean of these standards was used for calculations.  
 
Blank measuring. Blanks were prepared from 400 μL deionized water and treated as 
described above. 
 
Sample measuring: Soymilk samples (400 μL) were diluted with water to 4.0 mL and    
400 μL aliquots were treated as described above. 
 
 
4.3 Results and discussion 
 
4.3.1 The ability of various proteases to coagulate soymilk 
 
Table 4.2 shows the soymilk-clotting efficiency of various proteases. Figure 4.1 
compares the protein recovery in the curd based on the protein in soymilk. The results are 
mean values from two measurements unless stated otherwise. Out of eighteen enzymes 
used in this study, only six were able to coagulate the soymilk at all three tested 
temperatures. The amount of protein that was retained in the curd after the centrifugation 
of the coagulum (i.e. protein recovery) ranged from 94.4 to 99.3%. The volume of 
separated whey ranged from 5.1 to 12.0 mL. Ficin, protease from Bacillus 
amyloliquefaciens and Bacillus sp. all displayed high soymilk-clotting activity over a broad 
range of temperatures even when relatively small amounts of enzyme were used. 
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Table 4.2: Properties of coagulum 
No. Enzyme  Volume of separated whey (mL)1,2 Protein recovery (%)2 
               37°C    50°C   70°C  37°C 50°C   70°C 
1 Bacillus sp.   8.8 8.4 8.5  97.8 99.0 98.3 
2 Streptomyces griseus    - 7.5 11.6  N.C. 95.6 94.8 
3 B. thermoproteolyticus   - 9.6 8.7  N.C. 95.4 97.5 
4 Aspergillus sojae    - 6.7 8.6  N.C. 96.3 97.1 
5 Aspergillus oryzae    -   -   -  N.C. N.C. N.C. 
6 Bacillus subtilis  7.3 10.2 8.2  96.1 95.1 97.5 
7 Bacillus amyloliquefaciens 9.9  8.5 5.7  97.7 99.3 98.8 
8 Rhizopus sp.     -   -   -  N.C. N.C. N.C. 
9 Bromelain   5.7 10.3 13.1  96.8 96.0 96.6 
10 Ficin    9.4 9.5 8.1  98.5 99.2 98.9 
11 Papain (Carica papaya)   -   -   -  N.C. N.C. N.C. 
12 Papain (Papaya latex)    -   - 6.0  N.C. N.C. 96.4 
13 Bacillus polymyxa  5.1 7.3 8.1  97.1 97.1 96.6 
14 bovine pancreas    -   -   -  N.C. N.C. N.C. 
15 Aspergillus melleus    - 12.0 7.9  N.C. 94.4 97.3 
16 Bacillus licheniformis    - 11.2 10.2  N.C. 94.9 97.5 
17 Rennin      -   -   -  N.C. N.C. N.C. 
18 Streptomyces caespitosus    -   -    -  N.C. N.C. N.C. 
N.C. = not coagulated (i.e. the curd and whey did not separate after centrifugation) 
1 The amount of preheated soymilk was 30 mL. The concentration of each enzyme was 
0.083 U/mL. 
2 The results are mean values from two measurements. 
 
 
It has been reported that significant correlation was found between tofu hardness 
and volume of separated whey (Blazek and Caldwell, 2006). It could therefore be assumed 
that enzymes that resulted in a greater volume of separated whey could be suitable for tofu 
making where hardness is an important attribute affecting the quality of a product. 
 
Proteases originating from Aspergillus oryzae, Rhizopus sp., Streptomyces 
caespitosus, papain from Carica papaya, protease from bovine pancreas and rennin did not 
coagulate the soymilk when using the enzyme concentration 0.083 U/mL. These six 
enzymes were tested at higher concentrations (0.417 U/mL, i.e. five times higher compared 
to the original concentration). Proteases originating from Aspergillus oryzae, Rhizopus sp. 
and papain from Carica papaya were able to induce the coagulation of soymilk at this 
concentration. The values characterizing the coagulum reached similar values compared to 
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the results in Table 4.2 with protein recovery ranging from 95.0 to 97.1% and the volume 
of separated whey ranging from 8.0 to 10.4 mL. 
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Figure 4.1: The comparison of the protein recovery in the curd based on the protein in 
soymilk.  
In case that the height of a column is null: the whey and curd did not separate after the 
centrifugation.  
 
 
Three enzymes (protease from bovine pancreas, rennin from calf stomach and protease 
from Streptomyces caespitosus) did not demonstrate any coagulating activity at any of the 
tested temperatures and enzyme concentrations. In the case of rennin and protease from 
bovine pancreas, the results are consistent with the data found in the literature (Kim et al., 
1990). Murata et al. (1987b) reported that protease from Streptomyces caespitosus showed 
coagulating activity comparable to that of other microbial proteases. It is possible that a 
concentration of this enzyme higher than used in this study would be able to induce the 
coagulation of soymilk. 
 
The results also indicate the differences between the temperatures where the 
enzymes display highest soymilk-clotting activity. The data show that the temperature for 
the formation of coagulum can be set by the selection of enzyme used. 
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4.3.2 Influence of enzyme concentrations and coagulating temperature 
on the gelation properties of soymilk 
 
Papain was chosen to further examine the coagulating properties of soymilk. Five 
different temperatures and four concentrations of papain were applied. The results are 
shown in Figure 4.2. The incubation at 40°C resulted in the highest protein recovery in the 
curd. However, there wasn’t a significant difference among the protein recovery values 
within the temperature range with the exception of when the mixture was incubated at 
80°C. In this case, the protein recovery values reached only about 90% of those obtained at 
lower temperatures. It was observed that the volume of separated whey increased both with 
increasing temperature and amount of papain. 
 
These results show that papain has its maximum activity at temperatures around 
80°C. These results are in agreement with the findings of Murata et al. (1987b) who 
reported that the optimal temperature for papain was about 95°C. On the other hand, Zhong 
et al. (2007) found that papain’s activity decreased to about 60% level after 6 min at 90°C 
indicating that optimal temperature for papain was between 60 and 70°C. 
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Figure 4.2: Graphs showing the effect of temperature and proteolytic activity on protein 
recovery, volume of whey separated after the centrifugation of coagulum and pH of whey. 
 
 
It was assumed that using relatively high levels of papain in conjunction with 
temperatures where papain demonstrated its peak activity could lead to a high degree of 
hydrolysis (DH) within the range of the experiment. This may explain why pH of whey 
and protein recovery in curd rapidly decreased. It is expected that higher papain usage 
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levels would not form stronger gels compared to lower papain concentrations. However, 
the relationship between the hardness of soy protein curd and the DH of soymilk has not 
been extensively studied before. 
 
 
4.3.3 Effect of CaCl2 and protease on the coagulation of soymilk 
 
Figure 4.3 shows the effect of simultaneous addition of calcium ions and protease 
on the coagulation of soymilk protein. Soymilk treated with enzyme and various levels of 
calcium (as CaCl2) was incubated at 50°C followed by centrifugation of the coagulum. 
Ficin was used during this experiment because it showed high soymilk-clotting efficiency. 
The levels of CaCl2 were sufficient to induce the coagulation of soymilk without the 
addition of an enzyme solution. The results show that for all tested concentrations of CaCl2 
the presence of ficin increased the protein recovery in the curd as well as increased the 
volume of separated whey. 
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Figure 4.3: The effect of simultaneous addition of CaCl2 and ficin on the volume of 
separated whey and the protein recovery. 
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4.3.4 The effect of DH on the hardness of soy curd 
 
To elucidate the relationship between the hardness of soy protein curd and the 
degree of hydrolysis of soymilk from which the curd is made, an experiment was designed 
to produce samples of soymilk with different degrees of hydrolysis. A portion of preheated 
soymilk was subjected to enzyme treatment (ficin, 10 U/mL soymilk, 60°C) for 5, 10, 15, 
20 and 30 minutes followed by cooling of the reaction mixture and the separation of whey 
and curd by the application of pressure. The degree of hydrolysis was 2.3; 3.1; 3.9; 4.5 and 
6.8% for 5, 10, 15, 20 and 30 minutes, respectively, as determined by the OPA method. 
Texture profile analysis data revealed an interesting dependence of curd hardness on 
degree of hydrolysis (Figure 4.4) showing that the hardest curd was produced from the 
soymilk with DH of 4.5. It needs to be pointed out that a protein concentration of soymilk 
used in this study was not high enough to induce the gelation upon heating without the 
addition of coagulant or enzyme treatment. Although a self-standing gel was produced by 
the enzyme treatment, the hardness values were 4 to 8 times lower than those for 
commercially available tofus. 
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Figure 4.4: Relationship between hardness and degree of hydrolysis 
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 A study by Lamsal et al. (2007), however, showed no clear trend in the gel 
hardness depending on the DH level or nature of the substrate. Gels prepared from 4% DH 
hydrolysates were significantly less hard than the unhydrolysed controls and 2% DH 
hydrolysates for soy flour. The authors suggested that the reduced gel-forming ability, i.e. 
reduced gel-hardness, may be related to reduced protein–protein interactions and low 
surface hydrophobicity of the hydrolysate and/or increased charge repulsion between 
hydrolysed peptides (Fan et al., 2005; Lamsal et al., 2007). 
 
Kuipers et al. (2005) used the approach of the uncoupling of hydrolysis and gelation 
to study the effect of the pH on the gel formation. The rheological experiments showed that 
the higher the DH, the higher the pH at which gels could be formed. With the hydrolysates, 
gels could be made at pH values at which the nonhydrolyzed SPI did not yet form a gel 
which is in accordance with the results presented here. This makes the use of hydrolyzed 
SPI interesting for foods at neutral and slightly acidic pH. In addition, lower amounts of 
protein are needed when compared to heat-induced gels (Kuipers et al., 2005). 
 
 
4.4 Conclusions 
 
It is known that almost all proteolytic enzymes are able to hydrolyze soymilk which 
could then lead to the coagulation. The difference in the temperature where the enzyme 
shows its highest activity seems to be the most significant indicator when choosing a 
suitable enzyme for a certain industrial application. Among the eighteen tested commercial 
proteases, ficin, protease from Bacillus amyloliquefaciens and Bacillus sp. were the most 
effective and versatile soymilk coagulants. The presence of small amounts of ficin in the 
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system increased the protein recovery when calcium chloride was used as a coagulant. 
Further studies would be desirable to reliably elucidate the relationship between the 
hardness of soy protein curds and the degree of hydrolysis although it is unlikely that a 
single enzyme treatment would lead to a novel product. On the other hand, it might be 
advantageous to include the enzyme hydrolysis treatment as an extra step in addition to a 
traditional use of chemical coagulants. The reported differences in DH values of food 
proteins between the studies may be caused by using different techniques of DH 
determination. Therefore the next chapter aims at comparing the most commonly used 
techniques of analysis of degree of hydrolysis of soy protein.  
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Chapter 5 
5  PROTEASE HYDROLYSIS OF SOYMILK PROTEIN – 
COMPARISON OF METHODS FOR QUANTIFICATION 
OF DEGREE OF HYDROLYSIS 
 
5.1 Introduction 
 
The most important feature affecting the functional and organoleptic properties of a 
protein is its surface structure. Surface structures influence the interaction of a protein with 
water or other proteins. Functional properties of a protein are physicochemical 
characteristics that affect the processing and behavior of protein in food systems (Kinsella, 
1976). These properties are related to the appearance, taste, texture, and nutritional value 
of a food system. Hydrolysis is one of the most important protein structure modification 
processes in the food industry (Navarette del Torro and Garcia-Carreno, 2002). 
 
The enzymatic hydrolysis or modification of proteins results in two types of 
hydrolysates. firstly, extensively hydrolyzed products with increased solubility, but these 
have few if any functional properties and also possess a bitter taste; and secondly, partially 
hydrolyzed products, which encompasses a wide range of products with varying extent of 
hydrolysis (Taha et al., 2002). In recent years it has been shown that when proteins are 
hydrolyzed to a limited extent and in a controlled manner, it is possible to improve the 
functional properties of a foodstuff. By limiting the extent of hydrolysis it is also possible 
to avoid unwanted bitterness. This approach requires careful control of the proteolytic 
reaction, because the natural tendency will be that the reaction proceeds beyond the 
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optimal stage to give bitter tasting hydrolyzates with undesirable properties (Adler-Nissen 
and Olsen, 1979). 
 
Protein hydrolysates are usually produced by limited enzymic hydrolysis of protein 
molecules in a foodstuff, yielding polypeptides that are smaller in molecular mass. It has 
been shown that bromelain could induce the gelation of soy proteins (Fuke et al., 1985). It 
has also been found that different proteases of microbial origin can induce coagulation of 
proteins in soy milk (Murata et al., 1987a,b). It has been shown in a previous Chpater that 
most commercially available proteases are able to coagulate soymilk. 
 
In any quantitative work on protein hydrolysis, it is necessary to have a measure of 
the extent of the hydrolytic degradation. The measurement of the number of peptide bonds 
cleaved during a hydrolytic process is related to the activity of proteolytic enzymes and the 
extent of hydrolysis. The parameter describing the hydrolytic reaction is the degree of 
hydrolysis (DH), which is defined as the percentage of peptide bonds cleaved. The reaction 
is then terminated by inactivating the enzyme when a suitable value of DH is reached. By 
this method, a variety of products ranging in size from the original protein to small 
peptides or free amino acids can be obtained, based on the specificity of enzyme used and 
the relative rates of peptide bond hydrolysis. Another method of producing controlled size 
peptides is through the use of highly specific proteases so that only a few bonds are 
hydrolyzed (Taha et al., 2002). This may appear obvious, but for a considerable amount of 
the work published on protein hydrolysis processes, time rather than DH is used as the 
controlling parameter. 
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The degree of hydrolysis is calculated using hydrolysis equivalents (h), the number 
of peptide bonds cleaved during hydrolysis, expressed as eq/kg protein or meq/g protein. 
Hydrolysis equivalents are assayed by measuring the increase in free amino or free 
carboxyl groups that are produced by the hydrolysis of some protein. Several techniques 
have been described to assess the amount of amino and carboxyl groups before and after 
protein hydrolysis. 
 
Numerous methods exist for the estimation of DH. It can be quantified by 
determining the amount of nitrogen released during hydrolysis, which becomes soluble in 
the presence of a precipitating agent (e.g. trichloroacetic acid). Methods used include the 
Kjeldahl method (AOAC, 2000) or spectrophotometric determination in the visible region 
after colorimetric reaction; e.g. biuret reaction (Hung et al., 1984). DH can also be 
quantified by determination of the free amino groups released during hydrolysis by formol 
titration (Juffs, 1975), or by using compounds which react specifically with amino groups 
such as trinitrobenzenesulphonic acid (TNBS) (Adler-Nissen, 1979), o-phthaldialdehyde 
(OPA) (Church et al., 1985; Nielsen et al., 2001), ninhydrin (Pearce et al., 1988) or 
fluorescamine (Pearce, 1979). DH can also be quantified using osmometry (Adler-Nissen, 
1986), where the depression in freezing point can be used to calculate changes in 
osmolality during hydrolysis, which is then used to calculate DH. Alternatively, in the pH 
stat method the protons released during hydrolysis are titrated and then related to DH 
(Adler-Nissen, 1986; Camacho et al., 2001). However, the three approaches most 
commonly employed for the quantification of DH during food protein hydrolysis are the 
pH stat, OPA and TNBS methods. 
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The TNBS and OPA methods evaluate the time course of protein hydrolysis by 
periodic sampling and are based on the assumption that a free amino group and a free 
carboxyl group are released every time a peptide bond is hydrolyzed. The hydrolysis 
product (i.e. the free amino group) in each sample is treated with a chromogen and the 
product evaluated by spectrophotometry. The result is proportional to the concentration of 
free amino groups (Navarette del Torro and Garcia-Carreno, 2002). Quantification of the 
number of amino groups gives the number of peptide bonds hydrolyzed and, hence, yields 
the hydrolysis equivalents, h. For time-course techniques, the DH is related to h by the 
equation DH = (h/htot) × 100%, where htot is the sum of the millimoles of individual amino 
acids per gram in the hydrolyzed protein and is 7.8 for soy protein (Adler-Nissen, 1986). 
 
The advantage of using DH is that the properties of the hydrolyzate are largely 
determined by DH alone, independent (to a certain extent) of the choice of other 
parameters such as substrate concentration, enzyme dosage and temperature (Adler-Nissen 
et al, 1983). Another benefit is that when the hydrolysis is carried out at pH 7 or above, 
DH can be readily measured by the pH-stat technique (Adler-Nissen, 1982). In this case, 
the hydrolysis reaction is followed in the same reaction vessel at theoretically infinitesimal 
increments.  
 
The following test parameters must be defined for the production of a protein 
hydrolysate: the mass of the hydrolysis mixture, the substrate where protein concentration 
is determined, the enzyme/substrate ratio, the pH, and the temperature. Also, the conditions 
needed to terminate hydrolysis must be defined. Because hydrolysis is typically allowed to 
proceed until a given degree of hydrolysis value is reached, the reaction is terminated by a 
sudden inactivation of the enzyme. Sometimes, termination is achieved by changing the 
- 100 - 
pH. If a reaction is performed under alkaline conditions, lowering the pH to 4.0 concludes 
hydrolysis. For thermosensitive enzymes, rapidly heating the reaction mixture is suitable. 
In both cases, preliminary assays should be performed to determine satisfactory conditions, 
especially to determine the appropriate time at which to inactivate the enzyme under real 
reaction conditions. 
 
Several studies have compared the effectiveness of the methods to measure the DH 
for various food products including dairy products (Spellman et al., 2003) or rapeseed 
proteins (Gwiazda et al., 1994). Gwiazda et al. (1994) concluded that the OPA- and pH-stat 
methods gave comparable results on the degree of rapeseed protein hydrolysis in the 
conditions applied. However, the DH values determined by the pH-stat method were 
slightly higher than those obtained by the OPA method. For whey protein hydrolysates, the 
OPA method gave DH values that were approximately 15% lower than the pH stat, 
whereas TNBS DH values were similar to the pH stat method (Spellman et al., 2003). As 
whey proteins are relatively rich in cysteine, a weak and unstable reaction between OPA 
and cysteine was thought to contribute to the under-estimation of DH in whey protein 
hydrolysates. 
 
It has been shown earlier in this Thesis that certain textural characteristics of tofu 
could be improved by the action of the protease ficin. Although more work needs to be 
done it might be expected that, when soymilk is subjected to a limited hydrolysis, it might 
have a positive impact on the textural and sensory characteristics of tofu. To be able to 
study, alter and control the texture of soy protein products it is necessary to have a method 
that readily provides the DH of soymilk with a satisfactory level of reproducibility. 
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Previous work has tended to concentrate on measuring the extent of hydrolysis of soy 
protein isolates (Henn and Netto, 1998; Netto and Galeazzi, 1998) rather than soymilk. 
 
The reported differences in DH of food proteins as measured by the TNBS, OPA and 
pH-stat methods indicate a need to compare the techniques in analysis of soy protein and 
soy food samples, for which limited comparative data are available. Thus, the purpose of 
this study was to compare the DH values of soy protein hydrolysates determined by TNBS, 
OPA and pH-stat methods when soymilk is used as a substrate. 
 
5.1.1 TNBS method 
 
Trinitrobenzensulfonic acid (TNBS) reacts with amino acids, yielding a yellow 
product whose absorbance is measured at 340 nm. TNBS reacts only with amino groups in 
their unprotonated state. The TNBS technique was accepted by many researchers for 
determining the DH of food protein hydrolysates because of its reproducibility. 
Nevertheless, it was difficult to apply to all food proteins, as some food proteins are 
difficult to disperse (e.g. partially insoluble proteins). Adler-Nissen (1979) modified this 
method by dispersing the protein in buffer containing SDS, using a less alkaline phosphate 
buffer instead of carbonates, and setting the reaction time to 1 hr. 
 
5.1.2 Improved OPA method 
 
A reaction between amino groups and o-phthaldialdehyde (OPA) in the presence of 
β-mercaptoethanol leads to the formation of a colored compound detectable at 340 nm. 
The OPA method was described in detail by Church et al. (1983), who suggested it for 
following the proteolysis of milk proteins in dairy science research. In the work by Nielsen 
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et al. (2001), the environmentally more acceptable dithiothreitol (DTT) was used instead of 
β-mercaptoethanol. Another alteration in the method was the selection of serine as the 
standard, since serine shows a response very close to the average response of other amino 
acids. 
 
The expression for h in the OPA method is: 
proteingmeqvNHserineh /)( 2α
β−−=  
The values reported by Adler-Nissen (1979) are used for α and β. For soy protein 
these values are 0.970 for α and 0.342 for β. 
PX
Lmeqv
AA
AA
NHSerine
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blanksample
×
×××−
−=− 1001.0/9516.0
tan
2  
 
Where serine-NH2 = meqv serine NH2/g protein; X = g sample; P = % protein in 
sample; 0.1 is the sample volume in litre (L). 
 
5.1.3 pH-stat method 
 
It is relatively straightforward to control the enzymic hydrolysis of proteins in 
alkaline conditions by measuring the base consumption required to keep the pH constant in 
the reactor. The pH-stat technique monitors the course of a reaction in which each peptide 
bond is hydrolyzed by one or several enzymes. pH-stat evaluates the progress of hydrolysis 
by titrating the released amino groups with an alkaline solutions. Enzymes work at 
constant pH and temperature during the entire process, so that no buffering is needed. 
However, base consumption is not related in any simple way to the degree of hydrolysis 
reached at any given moment (Adler-Nissen, 1986). 
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 The percentage DH is calculated using the following formula (Adler-Nissen, 1986): 
tot
b hMP
NBDH 111100(%) α×××=  
where B is the base consumption in mL, Nb the normality of the base, α the average 
degree of dissociation of the α-NH2 groups, MP the mass of protein being hydrolysed (g), 
and htot the total number of peptide bonds in the protein substrate (meqv g-1 protein). 
 
The degree of dissociation α for the α-NH2 groups is calculated as follows: 
)(
)(
101
10
pKpH
pKpH
−
−
+=α  
where pK is the average dissociation value for the α-amino groups liberated during 
hydrolysis and is dependent on temperature, peptide chain length and the nature of the 
terminal amino acid. It is essential to find out the mean pK of the α-amino groups released 
during the hydrolytic process. The pK value was first determined by Adler-Nissen (1986) 
by comparing the base consumption with the analysis of the free α-amino groups released 
during hydrolysis. Most research workers in this field have since used these results. 
However, Camacho et al. (2001) showed that the correct mean pK value varies according 
to the pH of the working conditions and that the relationship between these values may 
depend upon the kind of protein and protease used. They also showed by a theoretical 
analysis of the process that the correct pK value, which must be a mean of the values of the 
different α-amino groups released during the hydrolytic process, changes according to the 
pH of the experimental conditions. For selected conditions (soy protein, 50°C, pH=7) the 
value of α is 0.44 according to Adler-Nissen while α=0.35 using the correlation proposed 
by Camacho et al. (2001). 
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5.2 Materials and methods 
 
5.2.1 Soybeans 
 
Soybeans (variety Bunya grown in Queensland in 2007) were provided by Philp 
Brodie Grains (Toowoomba, Qld). Protein content of the sample was determined by the 
thermal combustion method as described in 3.2.1 and was 35.1% (N x 5.70) and moisture 
was 10%. The harvested seed samples were cleaned and stored in plastic containers in the 
dark at 4°C until they were processed for soymilk. 
 
5.2.2 Proteases 
 
The commercial proteases originating from microorganisms and plants are listed in 
Table 5.1, and were used during this experiment without any purification. They were 
purchased from Sigma (St. Louis, MO, USA) and Fluka (Switzerland). 
 
5.2.3 Preparation of soymilk 
 
One hundred grams of soybeans were first rinsed and soaked in 500 mL of 
deionized water for 16 h at 5 °C. Hydrated soybeans were drained, rinsed and ground in a 
Waring blender for 2 min on high speed with 400 mL water. The slurry was run through a 
centrifugal juice extractor, which had been lined with a layer of Miracloth (pore size 22 - 
25 µm; Calbiochem, USA) to remove the coarse material (okara) from the soymilk slurry. 
The volume of raw soymilk was set to 750 mL by adding deionized water. A portion of 
raw soymilk in a 1 L beaker covered with aluminium foil was heated with continual 
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stirring to ensure homogeneous heating on a stove to 95 °C, kept at that temperature for 5 
min, and then allowed to cool. The weight of the hot soymilk was then adjusted to 700 g 
with water. The pH and protein content of the preheated soymilk were 6.7 and 4.2% (w/w), 
respectively. 
 
5.2.4 Assay for soymilk-clotting activity 
 
Enzyme solutions were prepared at a concentration of 100 U/mL using the activity 
values declared by the manufacturers. The screening of proteolytic activity was performed 
as follows: 0.1 mL of the enzyme solution was added to 15.0 mL of soymilk adjusted to 
pH 6.1 with 1.0 M sodium phosphate buffer solution (pH 4.5) previously incubated at 
50°C. The mixture was vortexed for a few seconds and the formation of curd was 
observed. The time for an immobile gel to form was measured with a stop watch. One 
soymilk-clotting unit (SCU) was defined as the amount of enzyme which coagulates 1 mL 
of soymilk prepared as described above within a minute at 50°C. 
 
5.2.5 Determination of soymilk protein content 
 
After the lipids had been removed by n-hexane (defatted twice with 1-mL portions 
per gram of sample of n-hexane at room temperature), the protein content of soymilk and 
whey samples was determined by the Bradford method (Bradford, 1976) using bovine 
serum albumin as a standard as described in 3.2.8. 
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5.2.6 Hydrolysis 
 
The hydrolysis curve for a given protein-enzyme system is obtained by plotting DH 
as a function of time, usually under the standard conditions. A 200 g portion of soymilk 
(adjusted to pH 7.0 with 2.0 M NaOH) was preincubated at 50°C and kept at that 
temperature for the duration of hydrolysis. Throughout the hydrolysis, the enzyme-soymilk 
system was stirred using a magnetic stirrer and kept at 50°C. The amount of enzyme 
corresponding to 200 SCU dissolved in a small amount of water was added to begin the 
assay. Directly before the addition of the enzyme (‘zero time’) and after 5, 10, 20, 30, 60 
and 120 min of hydrolysis, an aliquot of 5 mL was withdrawn from the hydrolysate and 
transferred to a tube placed in an ice bath immediately followed by a procedure to 
determine DH by OPA or TNBS method as described by Nielsen et al. (2001) and Adler- 
Nisser (1979), respectively. For the pH-stat method, the consumption of base to maintain 
the constant pH (7.0) was recorded at ten minute intervals and these values were used to 
calculate the DH. 
 
5.2.7 pH-stat method 
 
The method used was that described by Adler-Nissen (1986) with 2.0 M NaOH to 
maintain the constant pH of the solution. The consumption of base to maintain the constant 
pH (7.0) during the enzymic reaction (50°C) was recorded at ten minute intervals and these 
values were used to calculate the DH. 
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5.2.8 Improved OPA method 
 
The method used was that described by Nielsen et al. (2001) with serine as the 
standard as desribed in 4.2.10 
 
5.2.9 TNBS method 
 
The method used was that described by Adler-Nissen (1979). L-Leucine (0–2.0 
mM) was used to generate a standard curve. 
 
Chemicals. Trinitrobenzenesulfonic acid (analytical grade), SDS and L-Leucine were 
obtained from Sigma. All other reagents were of analytical grade. 
 
Reagents. The following reagents were used: 0.2125 M phosphate buffer [0.2125 M 
NaH2PO4 is added to 0.2125 M Na2HPO4 until pH is 8.20 ± 0.02 (the proportion of 
volumes is approximately 43:1000)], 0.1% TNBS solution [TNBS is dissolved in 
deionized water in a volumetric flask (100 or 150 mL) covered with aluminium foil; the 
solution must be prepared immediately before use], 0.100 M HCl, 1% SDS, 1.500 mM 
leucine standard in 1% SDS. 
 
TNBS Reaction. The TNBS reaction was carried out as follows: 0.250 mL of a sample, 
containing between 0.25 × 10-3 and 2.5 × 10-3 amino equiv/L, is mixed in a test tube with 
2.00 mL of phosphate buffer at pH 8.2. Two milliliters of 0.10% TNBS solution is added 
and the test tube is shaken and placed in a water bath at 50°C for 60 min. During 
incubation the test tubes and the water bath must be covered with aluminium foil because 
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the blank reaction is accelerated by exposure to light. After 60 min, 4.00 mL of 0.100 N 
HC1 is added to terminate the reaction, and the test tube is allowed to stand at room 
temperature (cooling below room temperature may cause turbidity because of the SDS 
present) for 30 min before the absorbance is read against water at 340 nm. The reactions on 
the blank and the standard solutions are carried out by replacing the sample with 1 % SDS 
and 1.500 × 10-3 M L-leucine in 1% SDS, respectively. The absorbances of the blank and 
the standard are determined as the averages of three individual determinations. 
 
5.3 Results and discussion 
 
5.3.1 Proteolytic activity of the enzymes 
 
Preliminary screening tests showed that the proteolytic activity of enzymes is 
different when soy protein is used as a substrate instead of casein. Therefore it was 
necessary to implement a simple method that would specify the activity of various 
proteases based on soymilk being a substrate. Murata et al. (1987b) also compared the 
coagulation of soy milk with various commercial proteases. The formation of soy milk gel 
was judged by a change in appearance. This method was similar to a visual method used to 
test milk coagulation (Arima et al., 1967). The results of the study showed no marked 
differences among the enzymes tested with respect to their coagulation and water binding 
abilities. Table 5.1 shows the soymilk-clotting activity of enzymes used in this study.  
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Table 5.1: Enzymes used in this study and their activities 
No. Enzyme      Activity stated       Manufacturer    Soymilk-clotting  
       by manufacturer                    activity 
            U/mg solid            SCU/mL soymilk3 
  1 Protease from Aspergillus sojae      0.431      Sigma        0.14 
  2 Proteinase N from Bacillus subtilis      8.661      Fluka        4.35 
  3 Ficin from fig tree latex       0.101      Sigma        2.00 
  4 Papain from Carica papaya       4.002      Fluka        0.67 
  5 Protease from Bacillus polymyxa      0.801      Sigma        0.80 
  6 Proteinase from Aspergillus melleus      4.001      Sigma        1.67 
 
1 One unit will hydrolyze casein to produce color equivalent to 1.0 μmole (181 μg) of  
   tyrosine per min at pH 7.5 at 37 °C (color by Folin-Ciocalteu reagent). 
2 One unit will hydrolyze 1.0 μmole of N-benzoyl-L-arginine ethyl ester (BAEE) per min  
   at pH 6.2 at 25°C. 
3 One soymilk-clotting unit (SCU) is defined as the amount of enzyme which coagulates 1  
   mL of soymilk prepared as described in the Materials and Methods within a minute at     
   50 °C. 
 
 
5.3.2 Comparison of OPA, TNBS and pH-stat methods 
 
The three methods (OPA, TNBS and pH-stat) were first used to study the 
hydrolysis of soymilk over a 120 min incubation period with ficin. The soymilk used in the 
experiment contained 4.2% total protein. The conditions of the protein hydrolysis were 
selected in regard to our preliminary experiments (results not shown here) designed to 
estimate the suitable ratio of enzyme and substrate. The DH values obtained by the three 
methods are shown in Figure 5.1. These curves illustrate the course of hydrolysis of soy 
protein which initially proceeded comparatively rapidly but slowed down with time. Such 
shape of the hydrolysis curves is reported in the literature for both whey and rapeseed 
protein (Spellman et al, 2003; Gwiazda et al, 1994). After 120 min of hydrolysis, DH 
values of 6.51%, 5.34% and 4.80% were obtained from the TNBS, pH-stat and OPA 
methods, respectively. 
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Figure 5.1: The DH values obtained by TNBS, OPA and pH-stat methods using ficin (1.0 
SCU/mL soymilk). 
 
Linear correlation analysis (Figure 5.2) confirmed the strong correlation between DH 
values determined by the three methods as shown in Figure 5.1 
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Figure 5.2: Correlation of  the results of DH determination by TNBS, OPA and pH-stat 
method; R (TNBS vs. OPA) = 0.9912; R (pH-stat vs. OPA) = 0.9943 (α 0.01). 
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Six different proteases were individually used to hydrolyze soymilk and the extent 
of the hydrolytic reaction was monitored by the OPA, TNBS and pH-stat methods to 
establish whether the results of any of the methods are influenced by the specific enzyme 
used to hydrolyze the protein. The same enzyme/substrate ratio (1.0 SCU/mL soymilk) was 
used for all assays. The course of hydrolysis of soymilk determined by TNBS is shown in 
Figure 5.3, by OPA in Figure 5.4 and by pH-stat method in Figure 5.5. It was expected that 
the soymilk would be hydrolyzed at similar rates (due to the same concentration of 
enzymes in SCU/mL soymilk) and ideally all six curves representing different enzymes 
should follow the same path. However, under real conditions the traces showed variability 
and the extent of that may be used as an indication of the sensitivity of each method to the 
specificity of enzyme. The accuracy of DH values obtained by the method depends on the 
type of enzyme activity used in the hydrolysis reaction and while the enzymes selected for 
this study have comparable proteolytic activities there is a possibility that some are higher 
in exopeptidase activity. From the figures it can be observed that the OPA-method gives 
the most uniform results among the different enzymes. No significant under-estimation or 
over-estimation of DH values was observed for any of the methods and the distribution (or 
the sequence) of the curves was rather random leading to the conclusion that none of the 
methods is dependent on the specificity of enzyme and therefore can be universally 
employed. 
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Figure 5.3: The course of hydrolysis of soymilk determined by TNBS method using six 
proteases (1.0 SCU/mL soymilk) 
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Figure 5.4: The course of hydrolysis of soymilk determined by OPA method using six 
proteases (1.0 SCU/mL soymilk) 
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Figure 5.5: The course of hydrolysis of soymilk determined by OPA method using six 
proteases (1.0 SCU/mL soymilk) 
 
The aim was also to determine which method produced the most reproducible 
results. Five aliquots were simultaneously taken from the reaction mixture after 30 and 120 
min of the hydrolysis reaction and the DH was determined both by OPA and TNBS 
methods. In order to examine the reproducibility of pH-stat method, five individual 
experiments were conducted under the same conditions and the consumption of base 
required to keep the pH constant for the duration of 30 or 120 min was recorded for each 
batch. For each method, a mean coefficient of variation (CV) was determined. After 120 
min hydrolysis, the CV values for DH determination were 3.4% for the OPA method, 5.6% 
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for the TNBS method and 8.2% for the pH-stat method compared to 4.2%, 4.8% and 9.6% 
for the OPA, TNBS and pH-stat methods (at 30 min), respectively. 
 
5.4 Conclusions 
 
The pH stat method was found to be a quick and simple method for quantifying the 
DH of soy protein hydrolysates. The method is non-denaturing and allows for real-time 
monitoring of the hydrolysis reaction as it proceeds. However, the accuracy of DH values 
obtained by the pH stat method depends on the type of enzyme activity used in the 
hydrolysis reaction. Spellman et al. (2003) concluded that when the enzyme preparation is 
rich in exopeptidase activities, the pH stat method under-estimates DH. Our results show, 
however, that the pH-stat method provided the least reproducible results with the highest 
mean coefficient of variation of all compared methods. 
 
The OPA method is also a quick and simple method for the quantification of DH, 
without long incubation steps, which again allows for real-time monitoring of DH. 
However, the accuracy of DH values obtained by the OPA method may depend on the 
protein substrate being hydrolysed. A weak and unstable reaction between OPA and 
cysteine appears to render the OPA method unsuitable for quantifying DH in cysteine rich 
substrates such as whey protein (Spellman et al, 2003). For the quantification of DH of 
soymilk, this method displayed the highest reproducibility of values. 
 
The TNBS method is considered as an excellent method for quantifying DH and is 
often used as a reference method because of its ability to reliably measure the DH 
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regardless of the type of enzyme activity used for hydrolysis. However, the TNBS method 
requires long incubation and cooling steps (1 h and 30 min, respectively) with the result 
that the assay cannot be used for real-time monitoring of DH (Adler-Nissen, 1979). It 
should be noted, that hydrolysis curves determined by TNBS method usually do not start 
from DH = 0, because the TNBS method determines α and ε amino groups of free amino 
acids and peptides too, which may be present in the material before the beginning of the 
hydrolysis (Mietsch et al., 1989).  
 
High variation in the DH determinations by the pH-stat method during soy protein 
hydrolysis could be explained by very small increments of base needed to keep the pH 
constant and therefore the success of the method relies on the precision of the measurement 
of the amount of a base added to the reaction mixture. TNBS method showed higher 
variability of values than OPA method. The variability of the OPA and TNBS assay results 
could have also been due to heterogeneity of the hydrolysate samples and shifts in the 
sampling time. Furthermore, in comparison with the OPA method the TNBS method is a 
multi-step, complex and experience demanding assay. 
 
It should be noted that the OPA method has several advantages over the TNBS 
method. The reagent used to form the colored compound in the reaction with amino groups 
has a very different stability. The TNBS reagent is rather unstable, and the solutions 
prepared for the analysis have to be kept away from light or they will develop a color that 
influences measurements (Nielsen et al, 2001). In current practice, the test tubes are 
covered, for example, by aluminium foil. This procedure is time-consuming. Stored in a 
solution, the TNBS reagent is slightly colored resulting in a higher blank value than 
previously when the solid reagent was used. In the OPA method, the reaction time before 
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measuring the absorbance is 2 min, whereas the TNBS reaction takes 90 minutes. This 
means only the OPA method can be used to monitor DH continuously during the reaction 
and then as a production control. The pH-stat method does not seem to be suitable for 
laboratory-scale experiments when small amounts of soymilk are hydrolyzed. The pH-stat 
technique is useful for evaluating the progress of an enzyme-catalyzed protein hydrolysis 
process on an industrial scale, where the degree of hydrolysis is the most important 
variable in ensuring that products with desirable functional and organoleptic properties are 
obtained. It is therefore suggested that the improved OPA method as described by Nielsen 
et al. (2001) is the most suitable method to be used for determining DH during the 
proteolysis of soymilk in laboratory conditions.  
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Chapter 6 
6 GELLING PROPERTIES OF DIFFERENT SOYBEAN 
VARIETIES: EFFECTS OF PROTEIN SUBUNIT 
COMPOSITION, FUNCTIONAL AND PASTING 
PROPERTIES 
 
6.1 Introduction 
 
Soybeans have been transformed into various forms of soy foods, tofu being the one 
most widely accepted throughout the world. Tofu manufacturers desire soybeans that are 
uniform in size and that provide a high yield and quality product. Tofu making involves the 
complex interactions of many factors. These influencing factors include intrinsic 
characteristics, such as soybean total protein content (Schaefer and Love, 1992; Shen et al., 
1991), the contents of the two major storage protein components, glycinin (11S) and β-
conglycinin (7S), and the 11S to 7S ratio (Saio et al., 1969). Yield and quality are affected 
by several determinants, such as variety or cultivar (Skurray et al., 1980; Wang et al., 
1983), soybean growth environment (Wang et al., 1983), and tofu-processing methods 
(Wang et al., 1983; Beddows and Wong, 1987a-c; Shen et al., 1991).  
 
Published results reveal that soybean storage proteins in particular have a significant 
role in determining the yield and quality of tofu, which are important factors influencing 
acceptability of tofu by producers/consumers (Mujoo et al., 2003). In addition, processing 
conditions, concentration and type of the coagulant used influence the tofu texture and 
yield (Hou et al., 1997; Sun and Breene, 1991). 
- 118 - 
A number of researchers have focused on soy protein components with respect to 
their extraction, separation, classification and physicochemical properties. The classic 
method of separating soy protein into components is the ultracentrifuge method (Wolf and 
Briggs, 1956). The other common method of studying protein components is the gel 
electrophoresis technique. This method has an advantage of further differentiating sub-
units of proteins (Liu et al., 2007). Not just the existence of protein subunits of 11S and 7S 
but also the quantity of them should be of concern in soybean breeding since the relative 
composition determines the functional properties of soy protein (Poysa et al., 2006). 
 
With increased knowledge from research in tofu making, the choice of raw materials 
would become more important (Shen et al., 1991). Although soybean varieties have been 
the subject of several investigations, tofu manufacturers are still uncertain about what 
makes a soybean variety better for tofu production.  
 
The present study was, designed to elicit an understanding of the roles of soybean 
proteins, protein fractions and subunits to differences in gelling properties of different 
soybean varieties. The immediate objectives of this study were to examine the variability 
and the interrelationship between soybean seed traits and to identify seed characteristics 
related to soymilk yield and tofu quality. This information can, in turn, help in developing 
methods to modify textural properties of tofu to meet specifications for desired products. 
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6.2 Materials and methods 
 
6.2.1 Materials 
 
Twenty soybean cultivars were selected for this study. Five cultivars were grown in 
Canada and were obtained from Agriculture and Agri-Food Canada, Harrow. The 
remaining fifteen samples were obtained from commercial sources in Australia. These 
were grown in different locations across Victoria, New South Wales and Queensland. All 
samples were harvested between 2005 and 2007 (Table 6.1). The samples were stored in 
sealed plastic bags in a coolroom. A portion of each sample was ground in an 8-inch 
laboratory mill (Christy and Norris Limited, Process Engineers, Chelmsford, England) to 
produce flour for RVA analysis. For better repeatability of RVA traces, the soybean meal 
was sieved through a 600 microns sieve. Antifoam A concentrate (Sigma-Aldrich) is an 
effective foam suppressor for aqueous and non-aqueous systems typically effective at 1-
100 ppm. 
 
6.2.2 Protein content 
 
The percentage of nitrogen in each sample was determined by the thermal 
combustion method using a TruSpec Series N Elemental Determinator (LECO 
Corporation, St. Joseph, MI) as described in 3.2.1. 
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Table 6.1: List of soybean varieties, their origin, harvest year and protein content 
Variety        Country of origin        Harvest year    Protein Content 
                                                                                                        N × 5.7 [%] 
Harovinton  Canada     2006   37.5 
Tsuru   Canada      2006   37.8 
OX-502  Canada      2006   35.6 
OX-503  Canada      2006   34.8 
OX-603  Canada      2007   35.7 
Djakal   Australia     2006   32.9 
Djakal   Australia      2007   33.8 
Curringa  Australia      2006   37.0 
Curringa   Australia      2007   34.6 
Bowyer   Australia      2007   36.1 
Empyle   Australia      2007   35.9 
Snowy   Australia      2006   35.2 
Snowy   Australia      2007   35.3 
Banjalong  Australia      2005   36.3 
Curringa   Australia      2005   36.4 
Bunya   Australia      2007   35.1 
A-6785  Australia      2007   36.5 
“Full fat”  Australia      2007   37.8 
Gowrie  Australia      2005   35.2 
“Yellow Saigon”  Australia      2006   35.3 
 
 
 
6.2.3 Seed oil content 
 
Oil content was determined by the Soxhlet extraction method (AACC Method 30-
25). Approximately 1.0 g of soybean flour sample that has been previously dried in an 
oven at 90 °C overnight, was quantitatively transferred into an extraction thimble, covered 
with a piece of cotton wool and weighed. The thimble was inserted into the Soxhlet 
extractor and the sample was extracted with hexane for 3 hr at a condensation rate of 5–6 
drops/sec. Hexane was evaporated from the collection flask before oven drying. The oil 
remaining in previously dried and tared flask was dried in an oven at 100° for 60 min or 
until constant weight. The flask was desiccated and cooled before weighing. The seed oil 
content was calculated as follows and expressed in % (w/w): 
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 Seed oil content, 
 
6.2.4 Seed moisture content 
 
The moisture content of the sample was determined gravimetrically by oven-drying 
at 105 °C (AACC Method 44-31). A sample of soybean flour was mixed thoroughly in a 
closed container by turning the container manually. Approximately 2.0 g of each sample 
was weighed accurately and as rapidly as possible into a tared moisture dish. The 
uncovered dish was placed in an oven and dried at 130 ± 3°C for 2 hr. After the dish was 
removed from the oven, it was covered immediately, cooled in a desiccator to room 
temperature, and weighed. The seed moisture and volatile matter content was expressed as: 
 
 
 
6.2.5 Seed ash content 
 
The ash content of each soybean sample was determined by incineration of the 
sample at 600 °C in a muffle furnace (AACC Method 08-16). The sample of soybean flour 
was mixed thoroughly in a closed container by turning the container manually. 
Approximately 2.0 g of each sample was weighted into a previously heated and tared 
ceramic combustion vessel. The vessel was placed in a muffle furnace previously heated to 
600 ± 15°C and maintained at this temperature for 2 hr. The vessel was transferred to a 
desiccator, cooled to room temperature, and weighed immediately. The seed ash content 
(total mineral) was expressed as: 
100 
sampleflour  ofWeight 
ash ofWeight  Ash  % ×=  
- 122 - 
6.2.6 Protein subunit composition 
 
The Agilent 2100 Bioanalyzer [Agilent Technologies, USA] is an automated 
microfluidic electrophoresis platform and was used in this study to analyze protein extracts 
from different seedlines. The Protein 200 LabChip Kit was used to evaluate the relative 
expression of β-conglycinin and glycinin in different samples. A sample (30 mg) of finely 
ground soybeans was placed in an Eppendorf tube and 1000 μL of extraction buffer (50 
mM Tris [pH 7.5], 10 mM 2-mercapto-ethanol, 0.1% SDS) was added. The mixture was 
agitated on a rotary shaker for 30 minutes and then centrifuged at 15,000 g for 10 minutes. 
The supernatant was removed and the extract was introduced directly into the Protein 200 
LabChip (14-200 kDa) to begin the assay protocol. The concentration of the individual 
proteins was determined by a comparison with an internal concentration marker (myosin). 
The ratio of 7S/11S proteins was then calculated from those values by integrating the 
individual components comprising the 7S and 11S groups and then determining the 
summed areas of the two groups. 
 
6.2.7 Rapid Visco Analyser (RVA) 
 
Pasting properties of the soybean flours were analyzed using a Rapid Visco 
Analyser RVA-4 (Newport Scientific, Warriewood, Australia). The RVA is used to 
monitor viscosity and temperature changes according to a pre-programmed heating and 
cooling profile. Soybean flour slurries were prepared by mixing a given amount of soybean 
flour with deionized water at room temperature. Each sample was run using two different 
sample weights – firstly, with constant 8.0 g of soybean flour and secondly, sample 
weights were calculated to give 3.0 g protein in each sample, to determine effects of 
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protein quality independent of protein quantity. In both cases, the amount of soybean flour 
was mixed together with 25.0 g of deionized water. 
 
The profile used here was first used by Turner et al. (1996) and it starts and holds 
for two minutes at 65°C, heats to 95°C in 2.5 min., holds at 95°C for ten minutes until  
14.5 min., then cools to 50°C at 17.75 min. and holds at this temperature until 20 min., the 
end of the test. The speed was set to 960 rpm for the first 10 seconds and 160 rpm for the 
remainder of the test. The following parameters were monitored from the RVA traces 
using the Thermocline software provided with the instrument: the corresponding pre-
cooling maximum viscosity, the time at which this maximum appears and the time when 
the viscosity first starts to rise (the beginning of the peak). 
 
 
6.2.8 WAI (water absorption index) & WSI (water solubility index) 
 
WAI and WSI of flours were determined as described previously (Singh et al., 
2005). A flour sample (2.5 g) was dispersed in 30 ml of deionized water, using a glass rod, 
and heated at 90°C for 15 min in a water bath. The heated paste was cooled to room 
temperature, transferred to tared centrifuge tubes, and then centrifuged at 3,000g for        
10 min. The supernatant was decanted for determination of its solid content into a tared 
evaporating dish and the sediment was weighed. The weight of dry solids was recovered 
by evaporating the supernatant overnight at 110°C. WSI and WAI were calculated by the 
equations: 
sampleflour  ofWeight 
sediment ofWeight   (g/g)  WAI =  
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sampleflour  ofWeight 
100 t supernatanin  solids dissolved ofWeight   (%)  WSI ×=  
 
6.2.9 Bulk density 
 
The samples of soybeen seeds were gently filled into 10 ml graduated cylinders, 
previously tared. The bottom of each cylinder was gently tapped on a laboratory bench 
several times until there was no further diminution of the sample level after filling to the 10 
ml mark. Bulk density was calculated as weight of sample per unit volume of sample 
(g/ml). 
 
6.2.10 Water absorption capacity (WAC) of the flour  
 
Water absorption of flours was measured by the centrifugation method of Sosulski 
(1962). The sample (3.0 g) was dispersed in 25 ml of deionized water and placed in 
preweighed centrifuge tubes. The dispersions were stirred occasionally, held for 30 min, 
followed by centrifugation for 25 min at 3,000g. The supernatant was decanted, excess 
moisture was removed by draining for 25 min at 50°C, and the sample was reweighed. The 
water absorption capacity was expressed as grams of water bound per gram of the sample 
on a dry basis. 
 
6.2.11 Preparation of soymilk 
 
Soymilk was prepared using the modified procedure detailed by Mullin et al. 
(2001) using a constant water to protein ratio (18:1). Because tofu is a soy protein gel, the 
amount of soy protein used to make the soymilk is critical for tofu yield and quality. A 
sample of soybeans containing 15.0 g dry-matter protein was required for the test which 
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was calculated as follows: Wt of Soybeans ‘as is’ = 15 x (100/% protein) x (100/% dry 
matter). Required amounts of soybeans were weighed and soaked in an excess of water for 
10 hours at the room temperature, drained, then reweighed to determine the water uptake. 
The water uptake factor (WUF) was determined by dividing the drained weight of the 
soaked beans by the initial weight of raw soybeans. From the initial sample weight and the 
soaked weight, the additional amount of water needed to obtain a water to dry matter 
protein ration of 18:1 was calculated as follows: Water required (g) = 270 – (soaked weight 
– sample dry weight). 
 
Hydrated soybeans were ground in a Waring commercial blender for 2 min on high 
speed with the required amount of water together with three drops of antifoam A 
concentrate to prevent excessive foaming. The slurry was run through a centrifugal fruit 
juice extractor, which had been lined with a layer of Miracloth (pore size 22 - 25 µm; 
Calbiochem, USA) to remove the coarse material (okara) from the soymilk slurry. The 
volume of the raw soymilk was noted. The raw soymilk in a 1 L beaker covered with 
aluminium foil was heated with continual stirring to ensure homogeneous heating on a 
stove to 95°C, kept at that temperature for 5 min, and then allowed to cool to 90°C.  
 
6.2.12 Tofu production 
 
The coagulating agent (0.75 g of glucono-delta-lactone) was added to the freshly 
prepared soymilk (90°C) and stirred for 30 sec. The solution was allowed to coagulate 
undisturbed for 20 minutes at room temperature. The curd was then cut into smaller pieces 
with a medium-size laboratory spatula to release whey, and the curd pieces were 
transferred into a laboratory-designed tofu box (48x60 mm dia cylindrical steel mould) 
lined with Miracloth for molding. The cloth was folded over the top of the curd and 
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pressing was achieved with a weight, equivalent to the pressure of 27 g/cm2 (the weight 
covered the entire top surface of the folded cloth of curd while pressing), for 2 hours at 
4°C. The tofu was then unwrapped from Miracloth and the textural analysis was conducted 
promptly. 
 
6.2.13 Determination of textural properties of tofu 
 
The textural properties of tofus were determined using the Texture Profile Analysis 
(TPA) curve by Bourne (1978) as described in 3.2.9. 
 
6.2.14 Statistical analysis 
 
All analyses were performed in duplicate unless stated otherwise. For each measured 
characteristic, mean, minimum and maximum values were calculated across the samples. 
Linear regression analysis was performed using XLStat software (Addinsoft, NY) and 
Pearson’s correlation coefficients were calculated between pairs of individual 
characteristics. The PCA correlation matrix between the individual soybean and tofu 
characteristics is in Appendix 3. 
 
Principle component analysis (PCA) was performed to determine which variables 
correlate with a selected observation. Principal component analysis expresses a set of 
variables as a set of linear combinations of factors that are not correlated between them; 
these factors represent an increasingly small fraction of the variability of the data. This 
method allows to represent the original data (observations and variables) with fewer 
dimensions than the original, while keeping data loss to a minimum. Representing the data 
in a limited number of dimensions (2 dimensions in this case) greatly facilitates analysis. 
- 127 - 
6.3 Results and discussion 
 
6.3.1 Proximate seed composition 
 
The protein content of the soybean varieties ranged from 32.9 to 37.8%, the crude 
oil content from 15.4 to 21.3%, and the ash content from 4.3 to 5.1% (Table 6.2 or 
Appendix 2). A significant variation in seed size (measured as bulk density) was observed 
among the tested cultivars and the moisture content of samples was around 9.2%. 
 
Table 6.2: Proximate composition and bulk density of soybean seeds 
Variable Minimum Maximum Mean 
Protein Content [%]1 32.89 37.84 35.73 
Crude Oil Content [%] 15.44 21.29 19.09 
Ash content [%] 4.35 5.07 4.62 
Moisture content [%] 8.45 10.49 9.16 
Bulk density [g/ml] 0.49 0.66 0.56 
 
1 Total nitrogen × 5.70 
 
Although soy food processors prefer large-seeded beans, our results indicate that 
seed size does not affect protein content and no correlation was found between seed size 
and soymilk yield. This suggests the popular belief that large seeded soybean cultivars are 
desirable for tofu production is based on their easier processibility and marketability rather 
than that those soybeans produce superior tofu. However, the protein content was 
negatively correlated with crude oil content (r = -0.512, P < 0.05) which is in accordance 
with results found in other studies (Yaklich, 2001; Bhardwaj et al., 1999). 
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6.3.2 Physicochemical and functional properties 
 
Water absorption indices (WAI) and water solubility indices (WSI) are used to 
characterize the swelling of protein particles in legumes. It is believed that this is the first 
study that uses WAI and WSI to compare the protein-water interaction of soybean 
varieties. 
 
The size of the protein particle and its surface topography influences protein-water 
interaction and water binding. Swelling of protein particles has been used as an indicator of 
water absorption. Differences in protein-water interaction in soy proteins are related to the 
source of protein and amino acid composition. It is expected that soybean cellular structure 
inhibits further swelling of the hydrated proteins (Zayas, 1997). Nevertheless, it is 
important to point out that the WAI quantified in legume flours is not only the product of 
the action of proteins, but also of the presence of carbohydrates such as starch, which 
gelatinizes, and dietary fiber which absorbs water. It was shown that legumes with higher 
amylaceous fractions and fiber content present a higher WAI (Oshodi and Adeladun, 
1993). 
 
There were no significant differences in the water absorption index among the 
samples (Table 6.3), where it ranged between 2.291 and 2.491 g/g. WSI is related to the 
presence of soluble molecules, presumably oligosaccharides in soybeans in particular. 
Different protein structures and the presence of different hydrophilic carbohydrates might 
be responsible for variations in the WAC of the flours. In comparison to WAI, no heating 
step is involved in the determination of WAC; therefore the protein is not denaturated. 
WAC differed significantly between various soybean flours (Table 6.3). 
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Table 6.3: Physicochemical and functional properties of samples 
Variable Minimum Maximum Mean 
WAI [g/g] 2.29 2.49 2.41 
WSI [%] 46.96 51.33 49.71 
WUF [g/g] 2.16 2.38 2.27 
WAC [g/g] 1.86 2.76 2.20 
 
 
Both WAI and WAC negatively correlated with soybean ash content (r = -0.633 for 
WAI; r = -0.532 for WAC, P < 0.05). Strong negative correlation was also observed 
between both WAI and WAC and soymilk yield (r = -0.677 and r = -0.611, respectively, P 
< 0.01).  
 
6.3.3 Pasting properties 
 
The RVA pasting curve of one of the soybean flours is shown in Figure 6.1. 
Significant differences were observed in the pasting characteristics of flours from different 
soybean cultivars and especially in the RVA peak viscosity (Table 6.4). 
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Figure 6.1: The RVA pasting curve of one of the soybean flours (Bunya). 
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The details of thermal gelation vary with the kind of protein used, and reflect the 
unique primary structure of the particular protein and the kinds of bonds which contribute 
to the secondary and tertiary structure of the proteins. The RVA, a cooking viscosimeter, is 
useful for simulating the effects of thermal processing and changes in environmental 
conditions on the rheological properties of food proteins. A mixture of soybean flour in 
water represents a complex system consisting of protein, polysaccharide and lipid. While 
protein is the main component of soybean flour, polysaccharides (including a small amount 
of starch) may substantially affect the gelling properties of such a system due to their high 
water absorbing capacity. Furthermore, soybeans contain around 20% oil which, under 
high temperature, is likely to interact with polysaccharides and possibly form complexes. 
According to Zhang and Hamaker (2003), the production of the cooling stage viscosity 
peak in the RVA profile indicates a three way interaction. Although the RVA curves of 
most soybean varieties produced the cooling stage viscosity peak, we decided not to 
include this parameter in the results. As shown in a previous study (Blazek, 2005), the 
repeatability of RVA tests was satisfactory only in the first half of the test. The relatively 
smooth traces became jagged in the second half of the test leading to considerable 
variations in viscosity values at the end of the test when the soybean gel was cooled down. 
 
Table 6.4: RVA pasting characteristics of flours from different soybean cultivars 
 
 
 
Variable Minimum Maximum Mean 
RVA visc. [RVU] 184 457 306 
RVA peak time [s] 468 835 630 
RVA slope start [s] 267 302 282 
3-g RVA visc. [RVU] 212 445 347 
3-g RVA peak time [s] 495 745 625 
 
When environmental conditions favourable to gelling are created, a progressive 
cross-linking mechanism takes place. In the RVA canister, increasing clusters of associated 
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chains develop until a critical point is reached where the network spans the whole sample 
volume. The gel point and the network formation are accompanied by a sharp increase in 
viscosity. The network continues to further increase in elasticity and stiffness until a quasi-
stable state is attained, provided there are no interfering effects such as syneresis. 
 
Preliminary studies (Turner et al., 1996; Blazek, 2005) show the potential of the 
RVA to detect quality differences in proteins. Tests with sample weights adjusted to 
contain a constant 3.0 g protein level showed substantial differences between RVA 
viscosity curves. This indicates that the viscosity results were affected by factors additional 
to simple protein content. The significance of these results is discussed later. 
 
When a constant amount of soybean flour (8.0 g) is used, it’s likely that the quality 
differences in protein are suppressed by the differences in protein content. This is 
supported by the strong positive correlation between the RVA viscosity and the soybean 
protein content (r = 0.732, P < 0.001; Figure 6.2). A positive correlation was also found 
between the WAC and RVA peak viscosity (r = 0.536; P < 0.01) and between WAC and 
RVA slope start (r = 0.521; P < 0.05). 
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Figure 6.2: The correlation between the RVA peak viscosity and the soybean protein 
content (r = 0.732, P < 0.001). 
 
6.3.4 Protein subunit composition 
 
If 11S and 7S can be distinguished with SDS-PAGE analysis of soy protein 
extracts, the relative content of 11S and 7S, as well as the subunits can then be determined. 
As an example, a SDS electrophoretogram of one of the samples is shown in Fig. 6.3. The 
area and intensity of the peaks varied substantially among cultivars. The method of Liu et 
al. (2007) was used where the SDS-PAGE patterns of the soybean protein extracts were 
divided into two regions: the region of peaks with MW < 44 kDa and that with MW > 44 
kDa. The first region containing mainly 11S proteins was divided into four parts, called 
subunit groups, i.e. 11S-1 (14.4–22 KDa), 11S-2 (22–26 KDa), 11S-3 (26–34 KDa) and 
11S-4 (34–44 KDa). The second region containing mainly 7S protein was divided into six 
subunit groups, i.e. 7S-1 (44–49 KDa), 7S-2 (49–55 KDa), 7S-3 (55–67 KDa), 7S-4 (67–
73 KDa), 7S-5 (73–82 KDa) and 7S-6 (82–91 KDa). Integrating the area of peaks within a 
certain range of molecular weights was used to calculate the relative content of each 
protein subunit. The sum of relative contents of 11S-1 to 11S-4 was obtained as the relative 
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content of 11S protein, those of 7S-1 – 7S-6 as that of 7S protein, and therefore, the 11S/7S 
ratio obtained. The proposed criteria were demonstrated to be simple, stable and feasible. 
 
 
Figure 6.3: The electrophoreogram of the protein extracted from one of the varieties used 
in the study (myosin and bradykinin used as the upper and lower internal marker). 
 
The range of clear peaks per cultivar was between 10 and 15, with a mean value of 
12 within MW 14–220 KDa (the range of standards of protein MW markers). None of the 
samples showed any peaks within the range of subunit 7S-4 and an insignificant average 
amount of protein fitted within the range of subunit 7S-1, with the highest average relative 
content of 41.9% corresponding to the subunit 11S-4. 
 
The relative average content of protein subunit groups averaged over the 20 
soybean samples is shown in Table 6.5. The 11S relative content varied between 63.1 and 
81.3% with an average of 72.1%, 7S relative content varied between 17.8 and 36.8% with 
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an average of 27.7%, and 11S/7S ratio varied between 1.71 and 4.57 with an average of 
2.70. The results indicated a great diversity in protein subunit composition. 
 
Table 6.5: The relative average content of protein subunit groups in 20 protein extracts 
11S protein      7S protein 
Sub-group MW  Percent  Sub-group MW  Percent 
  (kDa)  of total     (kDa)  of total 
11S-1  14.4 – 22   4.2   7S-1  44 – 49   0.1  
11S-2  22 – 26 25.0   7S-2  49 – 55   4.8 
11S-3  26 – 34   1.0   7S-3  55 – 67   0.6 
11S-4  34 – 44 41.9   7S-4  67 – 73   0.0 
       7S-5  73 – 82 10.8 
       7S-6  82 – 91 11.5 
Average distribution of bands with various molecular weights from 14.4 to 91.0 kDa.  
In each cultivar, the sum of relative content of all subunits in MW 14.4 – 44 kDa and in MW 44 – 91 kDa 
was regarded as the relative content of 11S and 7S components of a cultivar, respectively. The average 
relative content means the relative protein contents of all electrophoretic ranges with a same molecular 
weight range averaged over the 20 soybean samples. 
 
 
Principle component analysis was performed to determine which variables correlate 
with 11S/7S ratio and could therefore indicate the quality of soybean protein. A positive 
correlation was observed between 11S/7S ratio and the 3-g RVA viscosity (r = 0.485, P < 
0.05). Soybean ash content strongly correlated with the 11S/7S ratio (r = 0.639, P < 0.001).  
Interestingly, a negative correlation was found between 11S/7S ratio and WAI (r = -0.501, 
P < 0.05) which, however, seems to be in agreement with Bresnahan et al. (1981) who 
observed an inverse relationship between 11S protein level and water absorption when 
studying the texture formation. 
 
6.3.5 The yield of soymilk and the properties of tofu 
 
As shown in Table 6.6, the yield of soymilk varied from 242 to 255 g using a 
constant water to protein ratio (18:1) and did not show any significant difference among 
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the varieties. The hardness seems to be the most important textural property of tofu 
determining the consumer acceptability of the product and we observed great differences in 
hardness of tofu made from different soybean varieties (Table 6.6). The yield of GDL-tofu 
was not monitored in this study; however, the study by Min et al. (2005) showed that tofu 
moisture content significantly affected the hardness and yield of tofu. A strong positive 
correlation between tofu hardness and its dry matter (r = 0.859, p < 0.001) was observed 
which is in agreement with other studies focusing on GDL-tofu (Cheng et al., 2005; Shen 
et al., 1991). 
 
Table 6.6: Soymilk yield and textural properties of tofu 
Variable Minimum Maximum Mean 
Soymilk yield [g] 242 255 248
Tofu DM [g/g] 0.157 0.284 0.207
Hardness 275 1392 541
Cohesiveness 0.293 0.671 0.522
Springiness 0.710 1.043 0.819
Chewiness 81 622 231
Gumminess 102 778 287
Resilience 0.269 0.871 0.423
 
 
Multivariate linear regression analysis was performed to determine the extent to 
which tofu hardness could be predicted from other properties of soybeans. In order to 
measure the contribution of individual variables without the regression coefficients being 
dependent on the underlying scale of measurements, standardized regression coefficients 
were calculated. All variables were standardized by subtracting the respective mean and 
dividing by its standard deviation. The standardized coefficients, then, represent the change 
in response to a change of one standard deviation in a predictor. The larger the 
standardized coefficient, the greater is the influence of that parameter in the predicted 
model. The table of the standardized coefficients (also named beta coefficients) allows a 
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comparison of the relative weight of the variables in the model. The greater the absolute 
value of a coefficient, the greater the weight of the variable in the model. When the 
confidence interval around the standardized coefficients includes 0, which can easily be 
observed on the chart, the weight of the variable in the model is not significant. 
 
 The chart of standardized coefficients (Figure 6.4) may be used to provide an 
indication as to which properties are important in relation to the observed hardness of tofu. 
From the data shown here it could be concluded that soybean bulk density, seed oil content 
or water uptake factor have null predictive capability of tofu hardness. On the other hand, 
standardized coefficients for individual explanatory characteristics showed that RVA slope 
start and WAC had the highest predictive capability in the presence of the other variables 
although they did not reach the statistically significant level of P < 0.05. 
 
 
 
Figure 6.4: The chart of standardized coefficients indicating the extent of predictive ability 
of selected properties of soybeans in relation to hardness of tofu using multivariate linear 
regression analysis. 
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To demonstrate the usefulness of the observations, models were created to predict 
the hardness of tofu and the dry matter of tofu. The models were developed using the 
multiple linear regression analysis to assess the predictive ability of selected soybean 
properties as they are related to the hardness and dry matter of tofu. For each model, a 
chart with standardized residuals, and the input data for the variable to model was 
displayed, followed by a histogram of the standardized residuals (graphs not shown). The 
histogram was useful to detect outliers or a misfit of the model. Given the normality 
assumptions, there shouldn't be more than 95% of the standardized residuals out of the [-
1.96; 1.96] interval. The r is interpreted as the proportion of variability of the dependent 
variable (tofu DM or Hardness) explained by the model. Although the correlation is 
significant at p < 0.05 in regards to the number of observations, the major drawback of the 
r is that it does not take into account the number of variables used to fit the model. 
Therefore, the adjusted r (that takes into account the number of variables used in the 
model) was calculated for each regression equation. The goodness of fit of each model was 
considered as satisfactory when the adjusted coefficients of correlation (radj) were 
statistically significant for the given sample size and the plots of predicted and observed 
(experimental) values showed consistency of the empirical models, which was confirmed 
by the lack of any prevalent trend in the graphs of residuals.  
 
The resulting regression equations for the tofu hardness and dry matter are: 
 
Hardness = 562.81 * WAC - 697.68; r = 0.590 
Tofu DM = 0.0582 * WAC + 0.0789; r = 0.564 
Tofu DM = -0.3118 - 5.826 * 10-6 * RVA visc. -1.601 * 10-5 * RVA peak time + 1.878 * 
10-3 * RVA slope start; r = 0.601 
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Tofu DM =  2.354 + 1.216 * 10-2 * 11S/7S + 6.868 * 10-2 * WAC; r = 0.607 
Hardness =  -1144 + 98.10 * 11S/7S + 647.7 * WAC; r = 0.622 
Hardness =  -783.5 + 0.2894 * 3-g RVA visc. + 556.5 * WAC; r = 0.593 
 
It should be pointed out, however, that these developed models are considered as 
theoretical examples because these results are based on a limited data set and require 
further verification. Due to differences in the gelation properties of soybean storage protein 
fractions, many researchers have attempted to correlate these proteins with tofu quality, but 
results have differed greatly. Saio (1979) reported the 11S/7S ratio in soy milk strongly 
affected the textural properties of tofu. He found 11S protein tofu was harder than 7S tofu 
because the free sulfhydryl group in 11S tofu was higher than that in 7S tofu. Taira (1990) 
reported the protein to lipid ratio affected the hardness of tofu, but the 11S/7S ratio did not 
correlate with the yield and hardness of tofu. Results from Mujoo et al. (2003) showed that 
the 11S fraction proteins appeared to affect tofu yield; however, no relationship between 
storage protein fractions and tofu firmness was observed. 
 
Cai and Chang (1999) showed that the contribution of soybean storage proteins 
(glycinin and β-conglycinin) to tofu yield, hardness, and sensory quality depended on the 
processing method used. Different processing procedures (including making different types 
of tofu) may account for the discrepancies in reporting relationships between soy protein 
content and tofu yield/texture among the studies of Shen et al. (1991), Schaefer and Love 
(1992), Wang et al. (1983), and Murphy et al. (1997). The study also indicated that the 
controversy on the relationship of 11S and 7S proteins and their ratio to tofu texture 
(hardness) could be due to the different processing methods used among researchers (Saio 
et al., 1969; Saio, 1979; Skurray et al., 1980; Taira, 1990; Murphy et al., 1997).  
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6.4 Conclusions 
 
The RVA was found useful for indicating the soybean processability for tofu. While 
the RVA itself is unable to provide a definite answer about the quality of soybean protein, 
we suggest that the RVA curve is able to reveal supplementary information in addition to a 
simple protein content which is currently used by many soy food processors. The 
traditional approach of choosing the soybean lots based on the seed size or water uptake 
factor does not seem to be based on scientific evidence. Nonetheless, our results suggest 
that rather than predicting the quality of tofu from a single characteristic of soybeans (such 
as total soybean protein content or 11S/7S ratio) it may be useful to combine several 
characteristics and the most useful appeared to be the combination of protein content, RVA 
parameters, 11S/7S ratio and WAC. 
 
From the results presented in this work it can be concluded that large differences 
exist in soybean seed characteristics and their contributions towards the properties of the 
final product. The aim of this work was to investigate the relative importance of individual 
soybean seed traits to the functional and textural properties of soy products and the 
interrelationship among them. Although soy protein gels have been well investigated and it 
was shown that the functional properties of the processed soy proteins depend on the 
molecular structure of the protein, there are still many aspects that remain unclear. A bench 
scale tofu production test still seems to be the most appropriate for evaluating soybean 
varieties for suitability for tofu making. It would be useful to analyze a large set of food-
grade soybean seed samples from various sources for the characteristics assessed in this 
study in order to confirm our results, as valuable information to food technologists. 
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Chapter 7 
7 ANALYSIS OF ELECTROPHORETIC PROFILES OF 
PROTEIN EXTRACTS FROM DIFFERENT SOYBEAN 
VARIETIES 
 
7.1 Introduction 
 
β-Conglycinin (7S) and glycinin (11S) are the primary seed storage proteins in 
soybeans, comprising about 70% of the total storage proteins. The relative levels of these 
two proteins have been shown to significantly impact the nutrition, taste, and texture of 
food products derived from soy protein extracts (Kitamura, 1995). Both conglycinin and 
glycinin are complex aggregates made of smaller protein subunits.  
 
Glycinin is a hexamer, with a molecular mass of ~320–380 kDa. Five major subunits 
of glycinin have been identified and classified into two groups. Each constituent subunit of 
glycinin is composed of an acidic polypeptide with an Mr of ~32 kDa and a basic 
polypeptide with a Mr of ~20 kDa, which are linked together by an interchain disulfide 
bond. The second major storage protein, β-conglycinin, with a molecular mass of ~150 
kDa, is composed of three different subunits, with Mr of 76, 72 and 53 kDa, respectively, 
which contain no disulfide bonds (Zarkadas et al., 2007; Adachi et al., 2003; Staswick et 
al., 1984). Although this seems to be the most commonly accepted characterization of 
these proteins among the studies it can be seen that the previous results about the number 
and MW of subunits in these proteins varied with each other. In total, five subunits in β-
conglycinin and six acidic subunits and five basic subunits in glycinin have been reported, 
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but with inconsistent molecular weights among some works. Liu et al. (2007) summarized 
the several different ways of differentiating sub-units of soybean protein extracts reported 
by different researchers. 
 
Many approaches have been carried out on protein isolate, glycinin and β-
conglycinin soy protein fractions, or their subunits (Khatib et al., 2002; Molina et al., 2001; 
Riblett et al., 2001). Purification method as well as processing influences the composition 
of the obtained protein or protein product, which reflects not only on functional properties 
but also on the content of bioactive components from soybeans (Pesic et al., 2005). 
Furthermore, protein composition varies among genotypes and is influenced by 
environment (Wang et al., 1983). However, for many years, food scientists considered all 
soybeans the same with regard to their functional properties. Recently, Riblett et al. (2001) 
and Khatib et al. (2002) examined several soybean genotypes and reported that each 
genotype and their respective protein fractions contributed to different functional 
properties. They noted that differences in amino acid profiles might alter functionality. Cai 
and Chang (1999) examined 13 soybean genotypes and found that soybean variety had 
highly significant effects on the β-conglycinin and glycinin contents and the 11S:7S 
protein ratio of soybean seed, soymilk, and tofu. Furthermore, they showed that variety 
influences soymilk and tofu yield as well as quality parameters. Also, variation in subunit 
composition within fractions may affect functionality such as gelling characteristics of 
soybean glycinin (Nakamura et al., 1984). 
 
Sodium dodecyl sulphate (SDS) binds strongly to proteins, mainly through 
hydrophobic interactions, and carries a negative charge. The amount of SDS, which is 
fixed, is approximately proportional to the weight of protein (Reynolds and Tanford, 
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1970). The inherent net charge of most proteins at any pH is then relatively minor 
compared to the total SDS charge. The constant mass-to-charge property of the SDS-bound 
proteins allows separation according to differences in protein molecular weight 
(Dewettinck, 1997). Capillary gel electrophoresis (CGE) has become an effective 
replacement for manual slab gel electrophoresis processes due to its automation, 
quantitation, fast speed and high efficiency. 
 
Beckman-Coulter P/ACE MDQ Capillary Electrophoresis System represents a 
sophisticated instrument, where emphasis is placed on the possibility of creating custom 
methods of separation and data analysis. The instrument is equipped with selectable-
wavelength UV/Vis detector and modes of separation include voltage, current, power, 
pressure and vacuum. The 32 Karat® Software provides specialized CE calculations 
including integration events, apparent mobility, mobility, corrected peak area, molecular 
weight and iso-electric point. Mobility calculations establish the identity of a compound 
independent from changes in electroosmotic flow, voltage, temperature and column 
dimensions. Sample can be introduced by all three injection modes: electrokinetic, pressure 
and vacuum with variable control of all introduction parameters.  
 
Microfluidic measurement systems in general provide advantages in the small 
sample volumes required, reduced reagent consumption, and enhanced mass detection. The 
lab-on-a-chip architecture (LoaC) employs capillary gel electrophoresis to separate 
biomolecules such as nucleic acids and proteins (Hawtin et al., 2005). The analytical 
figures of merit, such as band resolution, speed of analysis, sensitivity, digitized data and 
separation reproducibility for LoaC are superior to traditional slab gel electrophoresis. By 
using marker components in every analysis, the LoaC system can compensate for 
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variations in migration behavior from run to run. For the automated LoaC system, the 
instrument automatically loads the chip with reagents initially and replenishes the chip as 
scheduled in the assay. Once the job is started, the instrument requires no further operator 
interaction until all the analyses are completed. 
 
A promising approach in this area of research is the application of multivariate 
statistics to electrophoretic patterns obtained by electrophoresis or chromatographic 
methods. Such pattern recognition techniques have already been used in chemistry, 
microbiology and medicine for identification of chemical compounds, classification of 
bacterial species and diagnosis of diseases, respectively (Pham and Nakai, 1984). 
However, the amount of data from such analyses becomes both large and complicated. 
Researchers working on the identification of protein fractions need to use methods for 
objective evaluation and data reduction and interpretation in addition to traditional visual 
examination of the electrophoretic profiles. The aim in this chapter is to apply SDS gel 
capillary electrophoresis to characterize soybean storage proteins and to compare lab-on-a-
chip technology with capillary electrophoresis. Both methods will be used to quantify the 
relative amount of 7S and 11S fractions in various soybean cultivars. A further objective is 
to give a presentation of chemometric analysis of electrophoretic profiles as a method for 
evaluation and data interpretation. 
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7.2 Materials and methods 
 
7.2.1 Materials 
 
 
Twenty soybean cultivars were selected for this study. Five cultivars were grown in 
Canada and were obtained from Agriculture and Agri-Food Canada, Harrow. The 
remaining fifteen samples were obtained from commercial sources in Australia. These 
were grown in different locations across Victoria, New South Wales and Queensland. All 
samples were harvested between 2005 and 2007. The list of soybean varieties used for this 
study is listed in Table 6.1. Their protein content was determined as in 3.2.1. The samples 
were stored in sealed plastic bags in a coolroom. A portion of each sample was ground in a 
8’’ laboratory mill (Christy and Norris Limited, Process Engineers, Chelmsford, England) 
to produce soybean flour which was subsequently sieved through a 600 micron sieve. 
 
7.2.2 Protein extraction 
 
A sample (30 mg) of soy flour was placed in an Eppendorf tube and 1000 μL of 
extraction buffer (50 mM Tris [pH 7.5], 10 mM 2-mercapto-ethanol, 0.1% SDS) added. 
The mixture was agitated on a rotary shaker for 30 minutes and then centrifuged at 15,000 
g for 10 minutes. The supernatant was removed and the extract used to prepare samples for 
the analysis as described below for each instrument. 
 
7.2.3 The lab-on-a-chip (LoaC) instrument 
 
The Agilent 2100 Bioanalyzer (Agilent Technologies, USA) is an automated 
microfluidic electrophoresis platform and was used in this study to analyze protein extracts 
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from different seedlines. The Agilent Bioanalyzer commercial system includes a detection 
part with a fixed wavelength (epifluorescent detection with 630-nm laser), and a chamber 
to place the Protein 200 Labchip. The denaturing solution was prepared by adding 7 µl of 
ß-mercaptoethanol (BME) to the 200 µl sample buffer (provided with the Kit) in the 
original vial. The protein sample (4 µl) obtained by the extraction from soy flour was 
combined with denaturing solution (2 µl) in a 0.5 ml microcentrifuge tube. Standard ladder 
solution (6 µl) was pipetted in a 0.5 ml microcentrifuge tube. All sample tubes and the 
ladder tube were placed for 3 minutes in a heating block at 95-100 °C. Deionized water (84 
µl) was added to all the tubes. Gel-Dye mix and destaining solution was prepared 
according to the manufacturer’s instructions. The protein samples and the molecular-
weight ladder were introduced directly into the Protein 200 LabChip (14-200 kDa) to begin 
the assay protocol. The concentration of the individual proteins was determined by 
comparison with an internal concentration marker (myosin). The ratio of 7S/11S proteins 
was then calculated from those values by integrating the individual components 
comprising the 7S and 11S groups and then determining the summed areas of the two 
groups. 
 
7.2.4 Capillary gel electrophoresis (CGE) 
 
The analyses performed for comparison were carried out using a Beckman P/ACE 
MDQ capillary electrophoresis system (Beckman-Coulter, Fullerton, CA, USA) equipped 
with a UV detector set at λ = 214 nm. Acquisitions were performed by means of 32 Karat® 
software version 5.0 (Beckman-Coulter). Separation was obtained using a 50-μm bare-
fused silica capillary of 30.2 cm (20.2 cm effective length from the inlet to the detection 
window). All solutions and reagents were of analytical grade from Sigma or were obtained 
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as a part of the ProteomeLab™ SDS-MW Analysis Kit (Beckman-Coulter) that is designed 
for the separation of protein-SDS complexes using a replaceable gel matrix. The gel was 
formulated to provide an effective sieving range of approximately 10 kD to 225 kD. The 
SDS-MW size standard (10-225 kDa, ProteomeLab™ Kit) was used to calibrate the gel to 
estimate the protein molecular weight of the sample. Internal standard (2 μL) and 2-
mercaptoethanol (5 μL) were added to each microvial containing 95 μL of protein sample 
(obtained by the extraction from soy flour) or diluted SDS-MW size standard (10 μL of 
Size Standard in 85 μL of Sample Buffer). The vials were capped tightly and heated in a 
water bath at 100 °C for 3 minutes. The vials were placed in a room temperature water bath 
to cool for 5 minutes before injection. 
 
The capillary pre-conditioning method was run every four samples. This method 
serves to clean the capillary and equilibrate the capillary and its surface with a fresh 
polymer solution. It consisted of a basic rinse (0.1 M NaOH, 5 mins, 50 psi), followed by 
an acidic rinse (0.1 M HCl, 2 mins, 50 psi), a water rinse (CE grade H2O, 2 mins, 50 psi) 
and finally a SDS gel rinse (SDS gel fill, 10 mins, 40 psi). The voltage (15kV for 10 mins, 
5 mins ramping time) was then applied. The separation was performed at constant voltage 
of 15kV with reverse polarity in SDS-molecular weight gel buffer. A capillary was 
thermostated at 25 °C. Sample was electrokinetically introduced at 5kV for 20 sec. Actual 
current values were recorded to determine the efficiency of each electrophoretic run. 
Replicate experiments were performed. 
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7.3 Results and discussion 
 
In CGE, the electrical field will act uniformly on all unit charges, creating a force 
that results in migration. Mobility, then, incorporates the velocity of an analyte as it moves 
through the liquid medium under the influence of the electrical field (Whatley, 1997). 
Buffer molecules, however, are charged species and will move with the application of 
voltage. These buffer molecules are normally evenly distributed through the capillary at 
the start of the run and their influence can be ignored. An additional feature in CE is 
electroosmotic flow (EO) and is the result of the fixed charges along the wall of the 
capillary (Whatley, 1997). This combined movement results in the apparent mobility of the 
analytes. To determine the true mobility it is necessary to subtract out the EO flow 
contribution. This is accomplished by measuring the apparent mobility of an analyte that 
has no net charge under the experimental conditions used. 
 
All twenty protein extracts originating from twenty soybean varieties were analyzed 
by both Beckman-Coulter ProteomeLab and Agilent 2100 Bioanalyzer SDS-gel capillary 
electrophoresis instruments. As an example, Figure 7.1 illustrates the separation of soybean 
protein extracts by CGE. It shows three SDS electrophoretograms of samples with 
different genetic background grown under different environmental conditions. The area 
and intensity of the peaks varied substantially among cultivars. 
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Figure 7.1: Capillary electrophoretograms of soybean extracts from three different 
soybean varieties analyzed by Agilent 2100 Bioanalyzer showing their respective 11S/7S 
ratios (determined by method described by Liu et al. (2007)). 
 
The molecular weight standards were used to create a calibration curve by plotting 
the log molecular weight of the standards versus 1/mobility. This curve was used to 
estimate the molecular weight of the protein samples. For Beckman Coulter ProteomeLab, 
a 10-kDa internal standard was added to the samples for SDS-CGE analysis as a mobility 
marker. The mobility of all protein samples was calculated relative to this mobility marker 
allowing for more accurate size estimation. Within this size range, the logarithm of protein 
molecular mass is linear with its electrophoretic mobility. Because the actual recorded 
current on the capillary decreased by 5-7% after each separation, the calibration curve was 
recalibrated every four samples. This is accomplished by running the capillary pre-
conditioning method followed by the MW standards and updating the mobility values for 
each standard to reflect the new run. The calibration curve used for Agilent 2100 
Bioanalyzer was constructed using nine molecular weight standards within the range of 4.5 
kDa and 240 kDa (Figure 7.2). The correlation demonstrated good linearity, with a 
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goodness of fit of R2 greater than 0.9991. Figure 7.3 is a typical calibration curve obtained 
by plotting the Log of molecular weight versus mobility of each protein in the protein 
sizing standard.  
 
Figure 7.2: The calibration curve for Agilent 2100 Bioanalyzer constructed using nine 
molecular-weight standards within the range of 4.5 kDa and 240 kDa. 
 
 
Figure 7.3: A typical calibration curve for Agilent 2100 Bioanalyzer obtained by plotting 
the Log of molecular weight versus mobility of each protein in the protein sizing standard. 
 
 
Seven standards between 10 kDa and 225 kDa were used for calibration of the 
Beckman-Coulter ProteomeLab (Figure 7.4). A quadratic curve-fitting relationship gave 
the best curve fit (R2 = 0.9995, Figure 7.5); however linear correlation also demonstrated 
satisfactory coefficient of determination (R2 = 0.997). 
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Figure 7.4: The calibration curve for Beckman-Coulter ProteomeLab constructed using 
seven molecular-weight standards within the range of 10 kDa and 225 kDa. 
 
 
Figure 7.5: A typical calibration curve for Beckman Coulter ProteomeLab obtained by 
plotting the Log of molecular weight versus mobility of each protein in the protein sizing 
standard. 
 
 
The repeatability of the method was assessed by carrying out three consecutive 
injections of the same protein extract. For the Agilent Bioanalyzer results, the mean 
relative standard deviation (RSD) was 1.9% for the migration time, and less than 1.1% for 
the relative migration time (calculated relative to the mobility marker). On the other hand, 
RSD values of 2.3% were obtained for peak areas. For Beckman-Coulter ProteomeLab, the 
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mean RSD value was 4.7% for the migration times, 2.1% for the relative migration times 
and 3.0% for peak areas. The better repeatability values achieved for Agilent Bioanalyzer 
are believed to be due to the use of both upper and lower markers as well as higher level of 
automation. 
 
Two electropherograms of the same soybean variety were acquired. In this case the 
protein extraction, denaturation and subsequent analysis on Beckmann Coulter CE was 
performed separately. All solutions were freshly prepared for each extraction and the 
capillary was filled with fresh SDS gel before each analysis so it can be assumed that these 
results are influenced by random variables. Both the positions of peaks and their intensities 
are affected by experimental error (see Pot et al., 1994 for a review of the factors affecting 
the reproducibility of SDS-PAGE of whole-cell proteins). The mean RSD for the migration 
time was 7.3% while only 2.6% for the relative migration times. Although the total protein 
concentrations in the respective extracts were significantly different, the relative peak areas 
did not vary greatly, with the mean RSD value for peak areas being 4.6%. 
 
Chemometric techniques can be used to extract relevant analytical information 
from the huge amount of data generated by CE. The characterization of complex samples 
is a qualitative goal in which the electrophoretograms are used as ‘fingerprints’ of the 
samples. From a chemometric point of view, a single electrophoretogram constitutes a type 
of (one-way) multivariate data in which the response values are taken at regular time 
intervals, mainly used for quantification by means of univariate calibration methods 
(Sentellas and Saurina, 2003). Preliminary signal pre-treatment for peak alignment, noise 
filtering, and baseline correction may sometimes be required before data analysis. The 
electrophoretic peaks should be run-to-run reproducible in terms of peak areas and 
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migration times. However, when a certain variability in the migration time is encountered, 
peak alignment procedures based on the peak maximum position can be applied to 
overcome this drawback (Latorre et al, 2000). In addition, various peaks can be taken into 
account as a reference for these corrections. 
 
Once all the peaks and their respective areas are distinguished with SDS-PAGE 
analysis, it is desirable to determine the relative content of 11S and 7S, as well as the 
subunits. Liu et al. (2007) divided the SDS-PAGE patterns of the soybean protein extracts 
into two regions: the region of peaks with MW < 44 kDa and that with MW > 44 kDa. The 
first region containing mainly 11S proteins was divided into four parts, called subunit 
groups, i.e. 11S-1 (14.4–22 KDa), 11S-2 (22–26 KDa), 11S-3 (26–34 KDa) and 11S-4 
(34–44 KDa). The second region containing mainly 7S protein was divided into six subunit 
groups, i.e. 7S-1 (44–49 KDa), 7S-2 (49–55 KDa), 7S-3 (55–67 KDa), 7S-4 (67–73 KDa), 
7S-5 (73–82 KDa) and 7S-6 (82–91 KDa). Figure 7.6 shows two electrophoretograms of 
the same soybean variety analyzed by both Beckmann Coulter ProteomeLab and Agilent 
2100 Bioanalyzer showing the ten subunit groups as defined by Liu et al. (2007).  
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Figure 7.6: Two sample electrophoretograms of the same soybean variety analyzed by 
both CGE (bottom line) and LoaC (top line) showing the ten subunit groups as defined by 
Liu et al. (2007). 
 
 
 
Integrating the area of peaks within a certain range of molecular weights was used 
to calculate the relative content of each protein subunit. The sum of relative contents of 
11S-1 to 11S-4 was obtained as the relative content of 11S protein, those of 7S-1 – 7S-6 as 
that of 7S protein, and therefore, the 11S/7S ratio obtained. The results obtained by both 
Beckman Coulter ProteomeLab and Agilent 2100 Bioanalyzer are summarized in Table 
7.1. Poor agreement in the classification in the protein subunit groups between the two 
instruments was observed and no statistically significant correlation between the 11S/7S 
ratios obtained by the two instruments could be established. 
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Table 7.1. The relative average content of protein subunit groups in 20 protein extracts 
obtained by Beckman Coulter ProteomeLab and Agilent 2100 Bioanalyzer 
11S protein     7S protein 
Sub-group    MW  Percent of total   Sub-group     MW Percent of total 
       (kDa)           Agilent  Beckmann         (kDa) Agilent      Beckmann  
11S-1      14.4 – 22   4.2    16.3  7S-1      44 – 49     0.1     7.4  
11S-2      22 – 26 25.0    11.0  7S-2      49 – 55     4.8     1.6 
11S-3      26 – 34   1.0      4.4  7S-3      55 – 67     0.6     4.4 
11S-4      34 – 44 41.9    26.7  7S-4      67 – 73     0.0     0.4 
      7S-5      73 – 82 10.8     2.5 
      7S-6      82 – 91 11.5    25.4 
Average distribution of bands with various molecular weights from 14.4 to 91.0 kDa.  
In each cultivar, the sum of relative content of all subunits in MW 14.4 – 44 kDa and in MW 44 – 91 kDa 
was regarded as the relative content of 11S and 7S components of a cultivar, respectively. The average 
relative content means the relative protein contents of all electrophoretic ranges with a same molecular 
weight range averaged over the 20 soybean samples. 
 
 
Although this approach seemed to be stable and feasible, the results showed that 
due to the variability in the position of the peaks, some peaks were situated close to the 
boundary between two adjacent subunit groups. From the visual assessment of the 
electrophoretic profiles originating from different samples, these peaks corresponded to the 
same protein fraction but appeared in the different subunit group leading to the biased 
results of distribution of protein fractions into subunit groups.  
 
To keep into account the variability in the position of the peaks, a logistic 
weighting function, which can be thought as a way of calculating a fuzzy membership for 
bands, could be used: a peak is never considered a member of a single subunit but its area 
is split in two adjacent subunits in different proportions depending on the closeness of the 
peak MW to the class centers (Piraino et al, 2002). This procedure could be used to 
effectively transform the patterns into the distribution profiles containing relative area 
percentages accumulated in classes of MW but appears to be time-consuming and not very 
convenient for the soy protein extracts. 
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The most reliable approach taking into account both the variability in the position 
of the peaks and the detection of different number of peaks between the profiles seemed to 
be the following procedure: Each electrophoretogram is analyzed, all the detected peaks 
are recorded and their migration times are used to estimate their molecular weight by using 
the calibration curve. The mobility of all proteins were calculated relative to the internal 
mobility marker. Because the endoosmotic flow and effective mobility of the components 
are the driving force in most CE separation techniques, the peak width of the analytes are 
migration-time-dependent. The time-corrected area counts are necessary for quantitative 
CE. Since separation is dependent on analytes migrating at different rates, the separated 
analytes will pass the detector at different rates. Time-corrected area counts are the product 
of the area counts and the velocity for each peak in the electrophoretogram. Thus, the peak 
areas and migration velocity (cm/min) were used to calculate the time-corrected area 
counts to compensate for the differences in migration velocities. In the mobility scale, the 
peak width becomes very similar for all analytes, showing that this distortion effect is not 
solely a result of diffusion, but mainly because of the endoosmotic flow.  
 
Only peak areas representing more than 0.5% of the total time-corrected area were 
included in the analysis. Up to twelve normalized migration time-corrected peak areas 
were recorded for each of the samples by Agilent 2100 Bioanalyzer (Figure 7.7) while up 
to ten peaks by Beckman-Coulter ProteomeLab (Figure 7.8). Although the mobility values 
of the corresponding peaks differed slightly between the samples (not more than 8%), the 
electrophoretic profile of soybean protein has a characteristic distribution of peaks that 
allows peaks to be visually identified if mobility does not provide sufficient information. 
Table 7.2 shows the relative area percentage for each of the peaks for all the analyzed 
samples determined both by Agilent 2100 Bioanalyzer and Beckman-Coulter 
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ProteomeLab. The peak MW (used here as a peak identifier) is a mean value obtained by 
averaging the corresponding peak MWs of all samples that had this peak detected in their 
electrophoretogram. 
 
Figure 7.7: A typical electrophoretogram of a sample obtained by LoaC showing the MWs 
of main detected peaks. 
 
 
Figure 7.8: A typical electrophoretogram of a sample obtained by CGE showing the MWs 
of main detected peaks. 
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Table 7.2: The relative area percentage for each of the peaks for all the analyzed samples 
determined both by Agilent 2100 Bioanalyzer and Beckman-Coulter ProteomeLab 
 
       Agilent 2100 Bioanalyzer    Beckman Coulter ProteomeLab    
          Peak MW        Percent of total     Peak MW   Percent of total 
          (kDa)         corrected area       (kDa)        corrected area 
11S        13.7        2.31 17.8 16.14 
16.2  1.11 19.7 11.77 
20.6  0.71 26.9 1.19 
22.7    13.40 33.7 5.46 
24.0  11.41 35.0 18.84 
30.5  0.93 37.9 13.12 
36.6  25.95   
40.8  15.94   
7S          52.0      4.98 52.9 5.12 
62.6 0.65 70.4 0.87 
74.3 10.89 78.9 10.32 
89.0  11.75 84.5 17.16 
The peak MW (used here as a peak identifier) is a mean value obtained by averaging the corresponding peak 
MWs of all samples that had this peak detected in their electrophoretogram. 
 
Compared to the distribution of proteins within ten subunit groups as defined by 
Liu et al. (2007), this approach seems to be more suitable for soy protein samples. Both 
instruments clearly distinguished the glycinin and conglycinin fractions. 11S/7S ratio 
varied between 1.27 and 3.60 with an average of 2.16 determined by Beckman Coulter 
ProteomeLab as compared to a range of 1.71 and 3.61 with an average of 2.60 by Agilent 
2100 Bioanalyzer. The results indicated a great diversity in protein subunit composition. A 
statistically significant correlation for the given sample size was observed between 7S/11S 
ratios determined by Agilent 2100 Bioanalyzer and Beckman Coulter ProteomeLab (R = 
0.82, P < 0.05, Figure 7.9). 
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 Figure 7.9: The correlation between 7S/11S ratios determined by CGE and LoaC (R = 
0.82, P < 0.05) 
 
The results suggest that soybean variety had a highly significant effect on the 7S 
and 11S protein concentration as well as on the 11S:7S protein ratio. The 11S:7S ratio of 
soybean varieties reported in the literature varies widely. One report showed that the 
11S/7S protein ratio ranged from 2.1 to 3.4 in 12 soybean varieties (Murphy and 
Resurreccion, 1984), while a second study reported the 11S/7S protein ratio ranged from 
1.64 to 2.51 in 13 soybean varieties (Cai and Chang, 1999). These authors suggested that 
the differences in 11S and 7S contents were due to both genetic and environmental 
differences. The reported differences between 11S and 7S content are likely to be affected 
by the differences in the techniques used to analyze soy protein subunits. 
 
Chemometric analysis 
A common task for researchers is to examine the interrelationship among selected 
characteristics which often requires performing linear regression analysis. To perform 
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multivariate statistical analysis of electrophoretic profiles, it is necessary to have a method 
for transforming electrophoretograms to multivariate data sets. A common method to do 
this is by first recognising and matching visually a given number of equivalent peaks in the 
profiles (Pripp et al, 2000). In Figure 7.10A and B, the principles of this method are 
illustrated with three model samples (different soybean samples analyzed by Agilent 2100 
Bioanalyzer). A total number of 13 peaks were recognized and matched as equivalent in all 
the three electrophoretograms, making it possible to express the electrophoretograms as a 
multivariate data set with 13 variables and 3 samples (Figure 7.10B). Each recognized and 
matched peak represents a variable and each electrophoretogram represents a sample in the 
multivariate data set. Even though recognition and matching of equivalent peaks from 
electrophoretograms have often been done visually, this approach carries several 
disadvantages; therefore, there is a need to develop more objective and efficient methods. 
In the visual technique, the researcher must choose which peaks should be used in the 
statistical analysis and which are equivalent in the different profiles (Pripp et al, 2000). It 
may give the process for obtaining data a subjective element with the possibility of 
different results between researchers performing chemometric analysis of the same set of 
samples. The method is also time consuming with the many different peaks often found in 
the profiles. It is therefore hard to get results from chemometric analysis immediately after 
the chemical analyses have been done. Standardising migration time in 
electrophoretograms from capillary electrophoresis according to some reference peaks and 
using the absorbance values directly in the computer-based statistical analysis as an 
alternative method to obtain data has been done (Pripp et al, 1999). 
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Figure 7.10: The principle of chemometric analysis based on electrophoretic profiles 
 
Biochemists working with electrophoretograms may focus on the size of the peaks 
and to regard large peaks as the most important. However, the effect of different treatments 
- 161 - 
of soy protein, which influence the electrophoretic profiles is better expressed by how 
much the relative peak areas differ between the profiles. In other words, it is not 
necessarily so interesting how large the peaks are, but rather how much they differ. In the 
sample profiles shown in Figure 7.10A, peaks 36.6 and 40.8 kDa are larger than the other 
peaks. However, relative peak areas of the 40.8 kDa peak in particular differ very slightly 
and therefore express little information about the difference between the three profiles. 
Some other peaks are generally smaller but they have a greater variation and therefore 
represent much more information about the differences between corresponding samples. 
This point is expressed by standardising the variables to a mean of zero (Figure 7.10C). 
The approach is also advantageous when performing and interpreting results from PCA, 
since the scores are centred and the loadings originate at the baricenter of the score plot. 
The variables may also be standardised to an equal variance of one by being divided by 
their respective standard deviations (Figure 7.10D). In multivariate statistical analysis they 
will then be equally weighted or regarded as equally important. 
 
7.4 Conclusions 
 
According to the results obtained, both lab-on-a-chip instrument and a traditional 
CGE are adequate for analysis of soy-based products. Both systems were able to reliably 
quantify the relative amount of protein fractions in samples and thus demonstrate their 
different genetic origin. It was very difficult to unequivocally state the superiority of one 
instrument over another, because the relative performance of the methods often depends on 
the particular data set analysed. Nevertheless, the protein separation was better with the 
chip device than with the classical capillary electrophoresis. LoaC automatically lumps 
both size and concentration determinations into one process that begins with protein 
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loading and ends with both a gel-like image and an electrophoretogram. Furthermore, the 
instrument adjusts the migration times of the proteins by aligning the upper and lower 
markers which provides a more comparable analysis of protein size across the lanes. The 
great advantage of the lab-on-a-chip technology is its time-efficiency. The analysis of a set 
of ten samples by Agilent 2100 Bioanalyzer, including extraction of proteins, and 
electrophoresis on chip, could be obtained in about an hour compared to a minimum of 40 
minutes required for each sample to be analyzed by Beckman Coulter ProteomeLab. On 
the other hand, there’s a limited possibility of adjusting the run properties thus making 
traditional CGE a preferred instrument for a method development. 
 
Chemometric analysis of electrophoretic profiles can be used as a powerful method 
to discriminate between soybean varieties providing suitable data sets for the statistical 
analysis. It is useful in converting the patterns to a relatively low number of variables and 
as a result, complex patterns can be summarized in a parsimonious set of variables which 
can be in turn used for both descriptive and inferential statistical analysis of the patterns. 
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Chapter 8 
8  USE OF SPECIFIC ENZYMES TO IMPROVE THE 
AQUEOUS EXTRACTION OF PROTEINS FROM 
SOYBEANS AND THE EFFECT OF MICROBIAL 
TRANSGLUTAMINASE ON SOYMILK GELATION 
 
8.1 Introduction 
 
Aqueous extraction of soluble components is often used in many industrial processes 
to obtain soybean products, such as soy milk, protein isolate and concentrate. The use of 
various hydrolytic enzymes, the choice of which depends on knowledge of the location of 
the oil and protein in the bean, has been recently studied to provide an option for process 
improvement (Rosenthal et al., 2001). It was anticipated that the low extraction yields of 
aqueous processes could be improved by using enzymes that hydrolyse the structural 
polysaccharides forming the cell wall of oilseeds, or that hydrolyse the proteins which 
form the cell and lipid body membranes. 
 
To prevent the action of enzyme lipoxygenase on the lipid fraction during soymilk 
manufacture, hot water can be used during the simultaneous wet-milling and extraction 
stage (Kwok and Niranjan, 1995). The non-soluble fraction is then discharged as a solid 
residue after the water extraction. An alternative to the water extraction procedure consists 
of the maceration of the whole grain with hot water in a solution of NaHCO3 (Nelson et al., 
1976). After wet-milling the resulting mixture includes all original water soluble and 
insoluble soybean solids (Rosenthal et al., 2003). Such a manufacturing procedure can be 
considered as an environmentally friendly process since it avoids solid residue generation 
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and allows a higher process yield. In spite of its advantage, the process is still not yet 
widely used, mainly due to the low physical stability and the presence of the sensory 
attribute of chalkiness in the beverage. Hydrolytic enzymes have previously been shown to 
be effective in degrading soybean fibre compounds with the aim of increasing oil 
extraction (Rosenthal et al., 1996, 1998). Rosenthal et al. (2003) evaluated the use of 
enzymes in comparison to filtration during soymilk production in order to reduce the 
chalkiness sensation in soymilk, however, this method of soymilk preparation is not 
commonly used among soymilk and tofu manufacturers due to the complexity of steps 
involved: dehulling, boiling, draining, grinding, homogenisation, enzymatic treatment or 
filtration, and heat treatment. 
 
Kasai and Ikehara (2005a,b) examined the characteristics of extractions from raw 
soybean using autoclaving. Their results provided important information on the 
localization of water-extractable protein and carbohydrate which may be useful for the new 
soybean processing and its improvement. Jung et al. (2006) and Deak and Johnson (2007) 
studied the functional properties of soy protein isolate (SPI) after extraction. Rosenthal et 
al. (1996, 1998, 2001, 2003) have reviewed the main aspects relating to aqueous and 
enzymatic processes for protein extraction and the most important findings are summarized 
in Section 2.16 of this thesis. 
 
Although many recently published papers studied the enzyme-assisted extraction 
from soybeans, most of them concentrated on the increase of extraction yields of oil from 
soybeans or on the improvement of the process of manufacturing soy protein isolate or 
concentrate. The aim of this study was to investigate the possibility of improvement of the 
protein extraction from soybeans in order to provide a basis for the optimization of soymilk 
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production. In principle, the hydrolytic enzyme treatment should be incorporated within 
the commonly used soymilk manufacturing process as much as possible, optimally without 
the need for introducing additional energy-consuming boiling steps or extensive time-
consuming soaking steps. In addition, when the optimal combination of enzymes and 
operational variables is found, the next step was to examine the effect of transglutaminase 
on improving the gelling quality of soymilk obtained through the enzyme-assisted 
extraction process. 
 
8.2 Materials and methods 
 
8.2.1 Soybeans 
 
Soybeans (variety Bunya grown in Queensland in 2006/2007) were provided by 
Philp Brodie Grains. The percentage of nitrogen in the sample was determined by the 
thermal combustion method using a TruSpec Series N Elemental Determinator (LECO 
Corporation, St. Joseph, MI) as described in 3.2.1. Protein content was calculated on a dry 
weight basis and was 35.1%. The harvested seed samples were cleaned and stored in 
plastic containers in the dark at 4°C until they were used. 
 
8.2.2 Enzymes 
 
Six different types of enzymes - xylanase, exopeptidase, beta-glucanase, cellulase, 
pectinase and protease - were selected on the basis of the chemical composition of 
soybean; these are summarized below (Table 8.1). Most of the enzyme preparations were 
developed for various commercial applications in the food industry and their exact activity 
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in units/mg when soybean material is used as a substrate was not known. These enzyme 
solutions were obtained from commercial sources (AB Enzymes or Novozymes). In 
addition, cellulase (C-1184) and pectinase (P-4625) were obtained from Sigma. The 
quantities of enzyme used in experiments for evaluating the effects of the individual 
enzyme were 3% (v/w) of soybean weight for liquid solutions and 1% (w/w) for solid 
preparations. Microbial transglutaminase (Veron TG obtained from Novozymes) from 
Streptoverticilium mobarense was also used. 
 
Table 8.1: The list of enzyme preparations used in this study 
 
Name   Manufacturer Main activity 
Veron HPP   AB Enzymes  protease (Bacillus subtillis) 
Rohament PL   AB Enzymes  pectinase 
Rohament GE  AB Enzymes  xylanase for degradation of arabinoxylans of  
       barley adjunct at high temperatures 
Corolase LAP  AB Enzymes  exopeptidase (Aspergillus sojae) 
Corolase 7089  AB Enzymes  endoprotease (Bacillus subtilis) 
Viscozyme L   Novozymes  beta-glucanase 
Ultrazym CP-L Novozymes  pectinase 
Pectinex Ultra SP-L Novozymes  three types of pectinolytic enzymes 
Corolase N  AB Enzymes  bacterial endo-peptidase for protein  
hydrolysis in netural pH-range 
Rohalase SEP  AB Enzymes  product for degradation of all viscosity  
forming polysaccharides (pentosanes,  
glucanes, etc.) 
Rohament CL  AB Enzymes  acid cellulase for degradation of NSPs 
Cellulase C-1184  Sigma   pure cellulase 
Pectinase P-4625 Sigma   pure pectinase 
 
 
8.2.3 Soymilk preparation procedure 
 
A portion of soybeans was weighed and soaked in the specified amount of 
deionized water in a screw cap bottle placed in the waterbath. Several separate experiments 
were performed differing in the temperature (25 or 60°C), water to bean ratio (20 g beans + 
180 g water; 30 g beans + 170 g water or 50 g beans + 150 g water) and time (1, 2, 3, 5 and 
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10 hrs). The chart showing all the steps involved together with the possible variables is 
shown in Figure 8.1. 
 
  Soybeans 
 
+ water (different temperature, water:bean ratio) 
 
Soaking (time variable) 
 
  + enzyme solution (individual vs. combined; different concentrations) 
 
Soaking (time variable) 
 
 
 
 Grinding + enzyme solution (individual vs. combined; different concentrations) 
 
 
 
 Standing (time variable) 
 
 
 
Grinding + Filtering   Residue (okara) 
 
 
 
 Heating (96°C, 5 mins) 
 
 
 
 Soymilk 
 
 + coagulant (0.25 g GDL), pressing 
 
   Tofu 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Soymilk process design 
 
Hydrated soybeans were ground in a Waring commercial blender for 1 min on high 
speed. The slurry was run through a centrifugal juice extractor, which had been lined with 
a layer of Miracloth (pore size 22 - 25 µm; Calbiochem, USA) to remove the coarse 
material (okara) from the soymilk slurry. The volume of the raw soymilk was noted. The 
raw soymilk was placed in a screw cap bottle and heated in a 96°C waterbath. The soymilk 
- 168 - 
was heated to 96°C with occasional mixing and kept at that temperature in the waterbath 
for an additional 5 minutes before removing from the waterbath allowing to cool to 90°C. 
The control test used for the yield comparison was performed the same way without the 
addition of enzyme solutions during the soymilk preparation.  
 
Once the effective combination of steps and enzymes was found, the coagulating 
agent (0.25 g of glucono-delta-lactone) was added to the freshly prepared soymilk (90 °C) 
and stirred for 30 sec. Transglutaminase (0.3 g) was added together with the coagulating 
agent to examine its effect of improving the texture and yield of tofu. The solution was 
allowed to coagulate undisturbed for 20 minutes at the room temperature. The curd was 
then cut into smaller pieces with a medium-size laboratory spatula to release whey, and the 
curd pieces were transferred into a laboratory-designed tofu box (48x60 mm dia cylindrical 
steal mould) lined with Miracloth for molding. The cloth was folded over the top of the 
curd and pressing was achieved with a weight, equivalent to the pressure of 27 g/cm2 (the 
weight covered the entire top surface of the folded cloth of curd while pressing), for 2 
hours at 4°C. The tofu was then unwrapped from the Miracloth and the textural analysis 
was conducted promptly. 
 
8.2.4 Soymilk protein determination 
 
After the lipids had been removed by n-hexane, the protein content of soymilk and 
whey samples was determined by the Bradford method (Bradford, 1976) using bovine 
serum albumin as a standard as described in 3.2.8. The soymilk was diluted 1:50 with 
deionized water before the determination. 
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8.2.5 Capillary electrophoresis 
 
 
The samples of soymilk were diluted 1:50 with deionized water. Internal standard 
(2 μL) and 2-mercaptoethanol (5 μL) were added to each microvial containing 95 μL of 
diluted soymilk. The vials were capped tightly and heated in a water bath at 100 °C for 3 
minutes. The vials were placed in a room temperature water bath to cool for 5 minutes 
before injection into the capillary electrophoresis instrument. The analyses were carried out 
using a Beckman P/ACE MDQ capillary electrophoresis system (Beckman-Coulter, 
Fullerton, CA, USA) equipped with a UV detector set at λ = 214 nm as described in 7.2.4. 
 
8.2.6 Analysis of textural properties 
 
The textural properties of tofu were determined using the Texture Profile Analysis 
(TPA) curve of  Bourne (1978) as described in 3.2.9. 
 
8.3 Results and discussion 
 
 
The individual effect of different enzymes on protein extraction yields combined 
with other process parameters - enzyme concentration, temperature, time of hydrolysis and 
solid-to-liquid ratio - was evaluated.  
 
8.3.1 Soymilk process design – operational variables 
 
The primary objective of this study was to determine whether selected enzyme 
preparations are suitable for increasing the protein yield during the aqueous extraction of 
soybeans in the manufacture of soymilk. To be able to determine the potential increase of 
protein yield, a control process that does not employ any enzymes, had to be designed. 
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8.3.1.1 Effect of water-to-bean ratio 
 
The first set of experiments was therefore designed to examine the effect of water 
to bean ratio. Three separate experiments were conducted (20 g beans + 180 g water; 30 g 
beans + 170 g water and 50 g beans + 150 g water), all of them consisting of 200 g of 
material but differing in the water to bean ratio (3.0; 5.7 and 9.0). After 10 hours of 
soaking at 25°C followed by grinding and filtering of the slurry, the results revealed that 
the experiment with 30g beans and 170g water gave the best solid content of soymilk 
(10.2%). The water to bean ratio of 3.0 appeared to be insufficient for the seeds to be 
immersed in the water at the end of the soaking period and also produced slurry that was 
difficult to manipulate. On the other hand, the ratio of 9.0 produced soymilk with a solid 
content lower than optimal for possible subsequent coagulation. Therefore all the following 
experiments were conducted using 30 g soybeans with 170 g water unless stated otherwise. 
 
8.3.1.2 Effect of soaking time and temperature 
 
The next step was to examine the effect of soaking water temperature and soaking 
time on the protein extraction yield. It is known that soaking can be done in cold or hot 
water, but generally cold water soaking is preferable as there is less total solids loss. Hot 
water soaking may inactivate enzymes, but longer hot soaking may promote the browning 
reaction, greater loss of solids (about 2%) and carbohydrates (Chen, 1989). Soymilk can 
also be made from either soaked or dry soybeans. Soybeans are soaked in about three times 
their weight of water with a soaking time that is dependent upon the temperature of the 
water. Typically, the soaking time is 8 to 10 hours at 20°C. After proper soaking, soybeans 
will expand about 2.0 to 2.5 times their original weight. Most commercial soymilk 
production calls for the soaking of soybeans since soaking reduces the energy input for 
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grinding, enables better dispersion and suspension of solids during extraction, increases 
yield and decreases cooking time. The whole soybeans require about 7 hours at 30°C or 3 
hours at 50°C to reach full hydration (Chen, 1989). 
 
The results are summarized in Table 8.2 and confirmed the dependence of water 
uptake on soaking temperature and time. Comparable results were obtained for soaking at 
25°C for 10 hours and 60°C for 2 hours. It was expected that almost full hydration of 
soybean seeds was achieved at this point since the water uptake values did not significantly 
increase after that.  
 
The data also indicate that fully hydrated soybeans result in higher protein 
extraction yield expressed as the percentage of protein in the volume of soymilk as related 
to the original amount of protein in the sample of soybean seeds. Therefore, soaking for 2 
hours at 60°C was selected for all the experiments with regards to time-efficiency as well 
as the requirement of higher temperature for most enzyme activities. 
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Table 8.2: Description of experiments investigating the influence of soaking temperature 
and time on the water uptake and protein extraction yield 
Exp. Method             Water             Soymilk       Protein       Protein 
No. description             uptake              yield             conc.      extraction
             yield 
             [% w/w]               [g]            [μg/g]           [%] 
1 30 g beans + 170 g water  86.3  116.3         650 35.95 
 soaking at 25°C; 2 hrs 
 
2 30 g beans + 170 g water  96.7  124.1         704 41.52 
soaking at 25°C; 3 hrs 
 
3 30 g beans + 170 g water  127.5  126.2         728 43.69 
 soaking at 25°C; 5 hrs 
 
4 30 g beans + 170 g water  132.6  131.1         821 51.15 
 soaking at 25°C; 10 hrs 
 
5 30 g beans + 170 g water    98.2  122.4         798 46.46 
 soaking at 60°C; 1 hr 
 
6 30 g beans + 170 g water  131.2  133.2         812 51.44 
 soaking at 60°C; 2 hrs 
 
7 30 g beans + 170 g water  133.4  132.6         814 51.29 
 soaking at 60°C; 3 hrs 
 
8 30 g beans + 170 g water  134.1   134.3         816 52.11 
 soaking at 60°C; 5 hrs 
 
 
8.3.1.3 Effect of grinding 
 
 
In addition to temperature, the rate of soaking as well as extraction of protein from 
soybeans in the aqueous medium is dependent on the size of particles. In the industrial 
process of manufacturing soymilk, the whole soaked soybeans are ground and the slurry is 
readily separated into a liquid (soymilk) and solid phase (okara) by filtration or 
centrifugation. It was expected that the extraction yield and/or rate of soaking may increase 
when an additional grinding step was included before the beans are soaked or in the course 
of the soaking process. To test this hypothesis, the original test procedure consisting of the     
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2-hour soaking, followed by wet grinding and filtering, was modified by having an extra 
grinding step included and the protein extraction yields were compared.  
 
Table 8.3 summarizes the results comparing the effect of arrangement of steps. 
Extraction yield increased by 3.36% when partially soaked beans were ground after 1 hour 
of soaking and by 0.92% when the soybeans were ground immediately before the soaking 
commenced. The additional grinding procedure in the middle of the soaking period helped 
to separate the cells and created finer solid particles thus increasing the surface area. The 
non-hydrated soybeans ground at the beginning of the soaking were too hard to be 
effectively crushed down to small particles thus producing smaller increase in the surface 
area compared to the previous case. 
 
Table 8.3: Description of experiments investigating the influence of additional grinding of 
soybeans before, during and at the end of the soaking period and its effect on the extraction 
yield 
No. Method                 Soymilk    Protein    Extraction 
 description                               yield         Conc.        yield  
                       [g]        [μg/g]        [%] 
  9 30 g beans + 170 g water; soaking whole beans    133.2          812    51.44 
 at 60°C for 2 hrs → grinding 
 
10 30 g beans + 170 g water; soaking at 60°C for 1 hr    136.3          846    54.80 
 → grinding → standing (60°C,1 hr)   
 
11 30 g beans + 170 g water; Grinding →     134.1          821    52.36 
→ standing (2 hrs, 60°C) 
 
 
8.3.1.4 Effect of additional boiling 
 
 
There is a simple yet profound difference between traditional Chinese and Japanese 
soy milk processing: the Chinese method boils the filtrate (soy milk) after a cold filtration, 
while the Japanese method boils the slurry first, followed by hot filtration of the slurry. 
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The latter method results in a higher yield of soy milk but requires the use of an anti-
foaming agent or natural defoamer during the boiling step. Bringing filtered soy milk to 
boiling avoids the problem of foaming whereas heating the slurry above the denaturating 
temperature may improve the dispersion of material and disrupt the cell walls. The 
denaturated proteins are more susceptible to the action of hydrolytic enzymes which may 
lead to the production of peptides by protein hydrolysis with a greater solubility than the 
original proteins.  
 
The experiment was designed to compare the extraction yield of a control to the 
process with added heating step above the denaturating temperature of soy proteins. The 
control test procedure consisted of the 1-hour soaking, followed by wet grinding, soaking 
for another hour and grinding before the slurry was filtered. In comparison, the slurry 
obtained after grinding the portion of partially soaked beans after 1 hour of soaking was 
heated to 96°C for 5 minutes with the rest of the procedure the same as for the control. It 
was clear by comparing the control from the experiment carried out with an added heating 
step, that the extraction yields obtained with the heat-treated material were much lower 
than those obtained with the non heat treated material (12.34% for-heat treated compared 
to 54.80% for non-heat treated). The increase in solubility of the nitrogenous compounds 
in the case of heat treated material is negligible in comparison with the decrease in protein 
solubility caused by heat treatment itself, which led to significantly lower extraction yields 
in the case of the heat treated material (Rosenthal et al., 2001). 
 
Consequently, based on the results shown above, the following procedure for 
soymilk preparation was selected due to its simplicity, time-effectiveness and possibility to 
test enzyme effectiveness in this process design: Deionized water (170 g, 60°C) was added 
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to a portion of soybeans (30 g) in a screw cap bottle and the bottle was placed in a 60°C 
waterbath for 1 hour. The whole content was then ground in a Waring commercial blender 
for 1 min on high speed. The resulting slurry was poured back in the bottle and kept in the 
waterbath for 1 hour. At the end of the period, the suspension was ground in the blender 
for 1 min on high speed followed by the separation of liquid and solid in a centrifugal juice 
extractor, which had been lined with a layer of Miracloth. The weight of soymilk and its 
protein content was determined after the raw soymilk was heated to 96°C for 5 minutes in 
a closed bottle in a waterbath. 
 
8.3.2 Enzyme-assisted extraction 
 
The nutritional value of unprocessed soybeans is limited by the presence of 
antinutritional factors such as trypsin inhibitors, lectins and oligosaccharides. In addition to 
protein, soybean flour contains approximately 16% polysaccharides. A large part of the 
polysaccharides is cellulose and more than half represents pectic substances. The latter can 
be divided into rhamnogalacturonans containing arabinan and arabinogalactan side chains, 
xylogalacturonans, and rhamnogalacturonans type II (Huisman et al., 1998). Together 
these structures form a complex matrix, which forms agglomerates with the cell wall 
proteins (Fischer et al., 2001). 
 
It was shown that commercial cellulase preparations are potentially effective for 
processing plant materials. In plant cell walls, cellulose fibrils occur in close association 
with xylans or xyloglucans. The enzymatic conversion of cellulose/xylans is a complex 
process involving the concerted action of exo/endocellulases and cellobiases yielding 
glucose and xylanases yielding xylooligomers and xylose. Kabel et al. (2006) presented an 
overview of commonly measured cellulase-, cellobiase-, and xylanase-activity of 14 
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commercially available enzyme preparations from several suppliers. The results showed 
that there was a large difference in the performance of the enzyme samples. It was 
concluded that the choice of an enzyme preparation is more dependent on the 
characteristics of the substrate rather than on standard enzyme-activities measured (Kabel 
et al., 2006). 
 
The enzyme preparations were used individually to examine their effect on protein 
extraction yield. The individual enzyme concentrations were chosen based on other similar 
studies (Rosenthal et al., 2001) and were expected to be high enough for the enzyme to be 
in excess in relation to the amount of substrate. This relatively high enzyme dosage was 
selected in order to examine the availability of soybean cell wall components to the 
particular enzyme preparation with little dependence on concentration. 
 
The results of experiments with individual enzymes are summarized in Table 8.4. 
The control assay represents the experiment where no enzyme was used in the preparation 
of soymilk as described at the end of the previous section. The sample of soybeans (30 g) 
yielded 136.3 g of soymilk with a protein concentration of 846 μg/g and pH of 6.40 which 
equals to 54.81% protein recovery during the extraction from soybeans. The enzyme (1.0 
mL for liquids or 0.5 g for solid preparations) was added just before the partially soaked 
beans were ground after 1 hour of soaking. The resulting slurry containing dissolved 
enzyme was kept in the waterbath for 1 hour followed by the identical process as for the 
control assay. The values represent the mean values of triplicate experiments and include 
the correction for the exact loss of material during grinding (approximately 5%). 
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Table 8.4: The soymilk yield and its concentration, calculated protein extraction yield and 
a difference in % compared to control – assays with individual enzymes. 
Enzyme                       Soymilk    Protein       Extraction         Change        pH 
                           yield            conc.            yield  
      [g]             [μg/g]              [%]  [%] 
control    136.3    846  54.8     0       6.40 
Veron HPP   142.1    706  47.7            -7.1       6.20 
Rohament PL   142.6    878  59.5  4.7       6.34 
Rohament GE   141.1    869  58.3  3.5       6.35 
Corolase LAP   139.4    840  57.4  0.9       6.33 
Corolase 7089   142.8    593  40.5          -14.4       6.16 
Viscozyme L   140.6    863  57.7  2.9       6.27 
Ultrazym CP-L  142.4    858  58.1  3.2       6.35 
Pectinex Ultra SP-L  141.7    858  57.8  3.9       6.27 
Corolase N    142.8    716  48.6            -6.2       6.25 
Rohalase SEP   140.4    826  55.1  0.3       6.31 
Rohament CL   143.3    834  56.8  2.0       6.37 
Cellulase C-1184  139.9    904  60.2  5.4       6.33 
Pectinase P-4625  144.1    878  60.1  5.3       6.22 
 
 
The addition of enzyme increased the soymilk yield in all 13 enzyme assays by 
approximately 4% with the highest increase in soymilk yield observed for Pectinase         
P-4625. The pH of the samples of prepared soymilk decreases slightly in all cases. 
Significantly different results were obtained for the protein concentration values indicating 
that the type of enzyme affects the amount of soluble protein extracted in soymilk. Veron 
HPP, Corolase 7089 and Corolase N are all bacterial endo-proteases designed for protein 
hydrolysis in neutral pH-range developed for different purposes in the food processing 
industry. These enzymes resulted in considerably lower protein extraction recovery yield 
compared to the control assay and the soymilk displayed the highest decrease in pH   
(Table 8.4). On the other hand, Corolase LAP is a liquid fungal exo-peptidase (Aspergillus 
sojae) designed for protein hydrolysis of animal or vegetable raw materials (whey, casein, 
soy) at neutral and alkaline pH values. The results indicate that no significant change in the 
protein extraction yield was achieved due to the action of Corolase LAP. Since we do not 
have a clear explanation for the descrease in protein extraction yield when endo-proteases 
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are used, the result for exo-protease is in agreement with the findings of Rosenthal et al. 
(2001) who reported that protease did not increase the extraction yield in the case of non-
heated soy flour. On the other hand, proteases produce peptides and amino acids by protein 
hydrolysis leading to a higher solubility, however the rates of hydrolysis are much lower 
for the non-denatured soy proteins compared to the denatured substrate. As previously 
pointed out, the heat treatment itself causes a decrease in protein solubility leading to 
markedly lower extraction yields in the case of the heat treated material (Rosenthal et al., 
2001). 
 
Four experiments were performed using enzymes with predominantly pectinolytic 
activities, three of them liquid preparations for industrial applications and a purified 
Pectinase P-4625 (Sigma). Rohament PL (AB enzymes) is a pectinase with predominantly 
macerating polygalacturonase used in fruit processing to increase the extraction of juice 
from raw material similar to Novozyme’s Ultrazym CP-L. Pectinex Ultra SP-L 
(Novozymes) contains three types of pectinolytic enzymes and its presence in the 
incubation medium results in the rapid depolymerization of pectin derivates and the release 
of reducing sugars. Kasai et al. (2004) reported that the composition of the cellulase-
resistant secondary cell walls was an insoluble pectin like material composed of 
galacturonic acid, neutral sugars, and protein. They suggested that these components would 
be structured and intricately involved with each other; this would be the reason many 
tested pectinases could not digest the cell walls. This secondary cell wall is interesting 
from the point of view of its resistance to hemicellulase, proteases, and even many of the 
pectinases (Kasai et al., 2004). 
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Jung et al. (2006), however, identified a commercial pectinase mixture that 
significantly increased the protein extraction yield from defatted soy flakes. Results in 
Table 8.4 indicate that all four tested products led to the increased extraction of protein in 
soymilk with the highest increase in the case of Pectinase P-4625 (9.7% greater than the 
control). In addition, the highest soymilk yield of all tested preparations was achieved 
using this enzyme. It was concluded that enzymes with predominantly pectinolytic 
activities are able to digest, to a certain extent, cell wall components leading to the 
increased aqueous extraction of protein, the rate of which may depend on the exact type of 
pectolytic activity. 
 
Rohament GE (AB Enzymes) is a xylanase used for degradation of arabinoxylans 
of barley and it proved to be effective in increasing the protein extraction yield by 3.50 %. 
The activity of the endo-xylanase is generally enhanced by the presence of glycosidases 
like β-xylosidase and β-galactosidase, particularly by removing side chains (Fischer, 
2006). 
 
From the enzymes with mainly cellulase activities, Rohament CL (AB Enzymes) as 
an acid cellulase for degradation of NSPs in plant material showed a small increase in the 
protein yield (3.7% greater than the control). It is an enzyme complex for degradation of β-
glucans, pentosans and other non-starch polysaccharides designed for supporting 
maceration in fruit processing. Pure Cellulase C-1184 seemed to be the most effective in 
protein extraction yield (almost 10% compared to the control). The substrate 
characteristics are of vital importance for the efficiency of the complex of cellulases in 
commercial enzyme preparations (Kabel et al., 2006) with the crystallinity of cellulose 
seen as one of the main characteristic affecting cellulase activity (Lynd et al., 2002). 
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Rohalase SEP and Viscozyme L were the last two commercial enzyme products 
tested. Rohalase SEP (AB Enzymes) is designed for degradation of all viscosity forming 
polysaccharides (pentosans, glucans) and contains cellulases, hemicellulases and ß-
glucanases. Viscozyme L (Novozymes) is a cell wall degrading multi-enzyme complex 
containing a wide range of carbohydrases, including arabanase, cellulase, β-glucanase, 
hemicellulase, and xylanase. Due to multiple enzyme activities of these products they were 
expected to be highly effective in degrading cell-wall. However, Rohalase SEP did not 
lead to any increase in the protein extraction yield, while Viscozyme L increased the yield 
by 2.9 %, a result comparable to other products mentioned earlier. 
 
Six enzyme products (Rohament PL, Rohament GE, Rohament CL, Ultrazym CP-
L, Cellulase C-1184, Pectinase P-4625) were selected based on their different enzyme 
activities and relatively high increase in protein extraction yield when used individually. 
Two or three enzyme preparations were added simultaneously during the preparation of 
soymilk in order to determine if the combination of activities improves the extractability of 
protein from soybeans. The dosage of each enzyme was half of that used to study the effect 
of individual addition (0.5mL for liquids and 0.25g for solid preparations). The results are 
summarized in Table 8.5 and no significant increase in the extraction yield was observed 
for any of the tested combination of enzymes. The most effective combination was 
Ultrazym CP-L together with Rohament CL, representing the system containing pectinase 
and cellulase with the protein extraction yield increased by 10.2% compared to the control. 
Relatively high extraction yield was also achieved using the combination of their purified 
equivalents Cellulase C-1184 and Pectinase P-4625 (Table 8.5). 
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Table 8.5: The soymilk yield and its concentration, calculated protein extraction yield and 
a difference in % compared to control – assays with with simultaneous addition of 
enzymes. 
Enzyme                           Soymilk       Protein   Extraction 
                                yield            Conc.       yield   Change 
            [g]          [mg/g]        [%]        [%] 
control        136.3            846    54.8          0 
Rohament PL + Rohament GE    142.4            832    59.0        4.2 
Ultrazym CP-L + Rohament CL    142.2            856    60.4        5.6 
Rohament GE + Rohament CL    144.9            822    58.4        3.6 
Rohament CL + Rohament GE + Rohament PL  145.2            783    56.8        2.0 
Cellulase C-1184 + Pectinase P-4625   143.6            831    59.4        4.6 
 
 
Rohament PL was used in additional experiments designed to elucidate the effects 
of selected operational variables during the enzyme-assisted soymilk preparation. In terms 
of the dependence on enzyme concentration, half (0.5 mL) and double (2.0 mL) quantities 
of Rohament PL were used in the experiments and the measured protein extraction yield 
was 59.46; 59.51 and 58.81% for 0.5; 1.0 and 2.0 mL, respectively, confirming that the 
initially selected amount of 1 mL of enzyme solution for 30 g soybeans was high enough to 
make the assays independent of enzyme concentration. 
 
The increase of the macerating time (starting from the point when partially 
hydrated soybeans are ground together with the enzyme solution) slightly improved the 
protein extraction yield (by 1.4% after 2 hours maceration). However, this improvement 
can not be considered as noteworthy due to a 0.9 % increase in the extraction yield of the 
control assay when the maceration time was also extended by 1 hour. The addition of 
enzyme to the water in which the whole soybeans are soaked did not significantly increase 
the extraction yield compared to the experiment in which the whole soybeans were soaked 
in the deionized water, with both assays not involving the first grinding step. Full hydration 
therefore seems to be the primary prerequisite for effective protein extraction. 
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8.3.3 Properties of soymilk obtained by enzyme-assisted extraction 
 
The functional properties of soymilk obtained through the enzyme-assisted aqueous 
extraction with the most effective combination of enzymes and operational variables were 
determined. As shown in Table 8.5, the simultaneous addition of Ultrazym CP-L (0.5 mL) 
and Rohament CL (0.5 mL) increased the soymilk yield by 4.3% accompanied by the 
increase in soymilk protein content by 10.2% (compared to control). 
 
Capillary electrophoresis was used to examine the effect of these enzymes on the 
molecular weight distribution of protein extracts from soymilk obtained through enzyme-
assisted extraction and the results were compared to those for soymilk obtained through the 
control assay. Figure 8.2 shows that no significant difference was observed in the 
molecular weight distribution among the two assays. The relative area percentages for each 
of the peaks for control and enzyme-assisted extracted soymilk determined by 
ProteomeLab (Table 8.6) confirmed that only minor differences were detected between the 
values. The differences of up to 2% were likely to be caused by variations in the 
preparations of the samples as well as by experimental error that affect the reproducibility 
of SDS-PAGE of whole-cell proteins. 
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Figure 8.2: Comparison of the capillary electrophoretograms of extracts from the control. 
 
Table 8.6: The relative area percentage for each of the peaks for the control and enzyme-
assisted extracted soymilk determined by Beckman-Coulter ProteomeLab. 
                   Peak MW             Percent of total corrected area 
                       (kDa)                       (%) 
          control           enzyme-assisted 
 11S      17.8 15.5 15.0 
  19.7 10.1 9.6 
  26.9 0.0 0.0 
  33.7 5.2 4.3 
  35.0 18.0 17.8 
  37.9 14.1 16.1 
 7S        52.9 5.9 5.5 
 70.4 0.2 0.0 
 78.9 10.2 11.3 
 84.5 20.9 20.4 
The peak MW (used here as peak identifiers) were obtained as described in Chapter 7.  
 
Texture profile analysis of soybean curds prepared from soymilk obtained through 
enzyme-assisted extraction of soybeans was performed to examine the gelation properties 
of proteins. GDL (0.25 g) was used as a coagulant added to the freshly prepared soymilk 
(90°C) and stirred for 30 sec. The texture profile analysis results for both the control 
sample of tofu and the sample obtained through enzyme-assisted extraction were compared 
and revealed that tofu produced from the enzyme-assisted extracted soymilk displayed 
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12% lower hardness compared to the control (462.4 g compared to 526.0 g). On the other 
hand, the yield of tofu produced from the enzyme-assisted extracted soymilk was 8% 
greater compared to the control in relateion to the original amount of soybeans. 
 
Kwan and Easa (2003) and Yasir et al. (2007) demonstrated that transglutaminase 
improved the quality of retort tofu. Treatment with transglutaminase produced a firmer 
tofu, with a significantly increased fracture force. Addition of transglutaminase was found 
to suppress retort-induced water release, producing a harder product. In order to improve 
the firmness of the sample tofu produced from the enzyme-assisted extracted soymilk, 
microbial transglutaminase (0.3 g) was added to the hot soymilk together with the 
coagulating agent. The resulting tofu reached slightly higher values of hardness compared 
to the standard (5% harder) while maintaining significantly increased yield (13% higher 
than control). 
 
8.4 Conclusions 
 
This study was based on the assumption that protein extractability from soybean 
seeds is to a certain extent limited by the complexity of the matrix components of the soy 
cell wall. The results have confirmed that the selection of operational variables such as 
bean to water ratio, particle size, soaking time and temperature directly influence the yield 
of soymilk as well as its protein concentration. It was shown that the addition of certain 
enzyme preparations into the soymilk process design, namely pectinases, cellulases and 
xylanases, results in an increased extraction yield of proteins from seeds into soymilk.  
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Fischer (2006) indicated that 94% of total soy proteins are not encapsulated, at least 
not to the extent that renders them inaccessible to the proteases. The presence of 
aggregates in the enzyme-unextractable residues was shown and it is likely that only a 
limited amount of the proteinaceous material from the enzyme-unextractable material is 
present in the form of extractable polypeptides. Therefore, larger aggregates that are 
formed by hydrolysis in the process counteract the complete solubilisation of soy proteins. 
Once released from the residues, the aggregated material can be degraded to lower 
molecular size by proteolytic enzymes. 
 
While these commercial enzyme preparations comply with the recommended purity 
specifications for food-grade enzymes, the results suggested that there is a potential for 
incorporating cell-wall degrading enzymes within the process of commercial production of 
various types of tofu. Although more efficient methods of increasing the protein extraction 
yield from soybeans were reported (such as autoclaving (Kasai et al., 2005a,b)), the 
method suggested here does not represent a major intervention within the conventional 
method of soymilk production. The gelling quality of soymilk obtained through the 
enzyme-assisted extraction process was assessed by capillary electrophoresis and texture 
profile analysis of a tofu sample. It was shown that the protein quality was not deteriorated 
during the enzyme-assisted extraction process and a small amount of microbial 
transglutaminase added together with a coagulant, produced tofu with a significantly 
increased yield while maintaing satisfactory textural properties. 
 
Despite all the research performed on soybean proteins during the last decades, and 
despite a widespread use of exogenous enzymes in food and feeds to enhance protein 
utilization, the composition of proteinaceous enzyme-unextractable residues has never 
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gained much attention until recently. Several studies published in the last few years have 
led to an increased knowledge of the structure of the different soy polymers resisting 
enzymatic digestion. However, most of these studies targeted issues associated with the oil 
extraction, the use of soybeans as a feed or the process of manufacturing the soy protein 
isolate. This is one of the first studies aiming to benefit from enzyme usage in the process 
of soymilk and tofu manufacturing. 
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Chapter 9 
9 GENERAL DISCUSSION 
 
 
Soybeans are a good source of nutrients, as they contain around 40% of high quality 
protein, 20% oil, as well as number of minerals, vitamins and phytochemicals. Soy protein 
provides great commercial potential, so it is not suprising that recent advances in soy food 
processing have focussed on developing techniques for obtaining proteins with more 
defined functionality. Some of this research is published in research journals, sometimes it 
is patented, however much of the applied research with commercial application is kept 
secret. Glycinin and conglycinin have different gelling, emulsification and foam properties. 
It is expected that over the next decade, more highly specified soy protein ingredients will 
provide the basis for innovative new food products and growth of the soyfood market. 
 
Soymilk is essentially a water extract of soybeans, and the basic steps of preparation 
are: selection of soybeans, adding water, wet grinding and separation of soymilk from fibre 
(okara), cooking, formulation and further processing. There are many variations on the 
basic soymilk processing steps, and the general aim of these processes is to produce a 
soymilk that has good sensory attributes, and that is convenient and safe to consume, 
produces little waste and is profitable to manufacturer. The quality of soy products can be 
measured using both sensory and instrumental techniques. Sensory measures are useful for 
identifying the product attributes that consumers like, while instrumental measures provide 
more objective assessment.  
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The increased dependence of food-processing industries on the manufacture of 
fabricated foods has drawn much attention to the functional properties of individual 
ingredients used in foods. “Functionality” applied to food ingredients has been defined as 
any property aside from nutritional attributes that influences an ingredient’s usefulness in 
foods. Proteins are of particular significance, since they play a major role in determining 
the sensory, textural, as well as nutritional characteristics of food products and have the 
ability to act as a matrix for holding water, lipids, sugars, flavours and other ingredients 
during aggregate and gel formation. 
 
The denaturation of food protein is a prerequisite in the exhibition of any functional 
property and the most important food-processing operation that contributes to protein 
denaturation involves heat treatment. Heat treatment of globular proteins in water or 
solvent increases their thermal motion, leading to the rupture of various intermolecular and 
intramolecular bonds stabilizing the native protein structure. Thermal coagulation is the 
random interaction of protein molecules by heat treatment, leading to formation of 
aggregates that could be either soluble or insoluble (precipitates). Thermal gelation, on the 
other hand, is the formation of a three-dimensional network exhibiting certain degree of 
order.  
 
This thesis was mainly devoted to thermal denaturation and coagulation of soy 
proteins and targeted several selected important factors as they relate to the functional 
properties. Therefore, the aim of this thesis was to broaden our knowledge in a few areas of 
soy protein research where the current understanding lags behind, and the main 
conclusions of this thesis are outlined below.  
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In Chapter 2, background information is given about the chemical composition of 
soybeans, thermal denaturation, coagulation and gelation of soy protein as well as means 
of modifying its properties. Issues associated with the manufacture of soymilk and tofu are 
also targeted together with the effects of a soybean variety selection. 
 
In Chapter 3 the effects of different chemical coagulants as well as proteases on yield 
and quality of tofu from soybeans were studied. Eight tested chemical coagulants were able 
to coagulate the soymilk and the results showed that the concentration of soymilk and type 
of coagulant had a great influence on the properties of the tofu gel. The results also 
confirmed that the use of a suitable concentration of the quick-acting coagulants is more 
critical than that of the slow-acting coagulants in tofu making. In general, the extent of 
soymilk gelation is not determined by a single characteristic but rather results from a 
combination of factors. It was shown that soy protein coagulates during the treatment with 
proteases and it was assumed that the cleavage pattern might be dependent on the proteases 
used and the characteristics of soybean proteins in soybean milk. 
 
Based on the preliminary results from the previous chapter, Chapter 4 aimed to survey 
the gelation ability of various most common commercially available proteases to coagulate 
soymilk. Until now, only very few studies has paid more attention to the importance of the 
differences in the protease efficiency to coagulate soymilk before. In this so-called cold 
gelation process two stages can be distinguished: the preparation of a heat-denatured 
globular protein solution and the induction of gelation at ambient temperature This chapter 
surveyed the gelation ability of various most common commercially available proteases to 
coagulate non-defatted soymilk and the thermal stabilities of selected protease systems 
were compared. The difference in the temperature where the enzyme shows its highest 
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activity seemed to be the most significant indicator when choosing a suitable enzyme for a 
certain industrial application. The three most effective and versatile soymilk coagulants 
were identified. The presence of small amounts of ficin in the system increased the protein 
recovery when calcium chloride was used as a coagulant. 
 
The results suggested that it might be advantageous to include the enzyme hydrolysis 
treatment as an extra step in addition to a traditional use of chemical coagulants. The 
reported differences in DH values of food proteins between the studies may be caused by 
using different techniques of DH determination. Therefore Chapter 5 aimed at comparing 
the most commonly used techniques of analysis of degree of hydrolysis of soy protein. The 
DH values of soy protein hydrolysates determined by TNBS, OPA and pH-stat methods 
when soymilk is used as a substrate were compared. It was concluded that the pH-stat 
technique was useful for evaluating the progress of an enzyme-catalyzed protein hydrolysis 
process on an industrial scale while the OPA method seemed to be the most suitable 
method to be used for determining DH during the proteolysis of soymilk in laboratory 
conditions.  
 
Chapter 6 concentrated on the issue of soybean variety selection and was designed to 
elicit an understanding of the roles of soybean proteins, protein fractions and subunits to 
differences in gelling properties of different soybean varieties. The variability and the 
interrelationship between soybean seed traits were examined and the seed characteristics 
related to soymilk yield and tofu quality were identified. The results suggested that it is 
useful to predict the quality of tofu from a combination of characteristics of the soybean 
seed. It was concluded that large differences exist in soybean seed characteristics and their 
contributions towards the properties of the final product and implications were made 
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towards the relative importance of individual soybean seed traits to the functional and 
textural properties of soy products.  
 
In Chapter 7, SDS gel capillary electrophoresis was applied to characterize soybean 
storage proteins.  The lab-on-a-chip technology was compared with a traditional method 
and these two methods were used to quantify the relative amount of 7S and 11S fractions 
in various soybean cultivars. It was concluded that both a lab-on-a-chip instrument and a 
traditional CGE were adequate for analysis of soy-based products. Both systems were able 
to reliably quantify the relative amount of protein fractions in samples and thus 
demonstrate their different genetic origin. The great advantage of the lab-on-a-chip 
technology is its time-efficiency while the traditional CGE is a preferred instrument for 
method development. The usefulness of the chemometrical analysis of electrophoretic 
profiles as a method for objective evaluation, data reduction and interpretation was shown. 
 
In Chapter 8, the economic side of the soymilk manufacture was addressed. This study 
aimed to investigate the possibility of improvement of the protein extraction from soybeans 
in order to provide a basis for the optimization of soymilk production. The enzyme-assisted 
extraction using the hydrolytic enzyme treatment to disrupt the soybean cell wall 
components was expected to improve the protein extraction yield. The results confirmed 
that the right selection of operational variables led to an increased yield of soymilk as well 
as its protein concentration. It was also shown that the addition of selected enzyme 
preparations into the soymilk process design resulted in an increased extraction yield of 
proteins from seeds into soymilk. The protein quality did not deteriorate during the 
enzyme-assisted extraction process and a small amount of microbial transglutaminase 
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added together with a coagulant produced tofu with a significantly increased yield while 
maintaing satisfactory textural properties. 
 
The appendix attempts to position Australian soybeans in both domestic and world 
market and outlines the possibilities for the future of the soybean industry in Australia. It is 
important to differentiate between characteristics of consuming markets with the USA, 
China and EU interested in stockfeed grade soybeans as opposed to Japan and Taiwan with 
preference for human consumption type beans. While the Australian domestic market may 
be relatively small, there is considerable opportunity to develop production to fulfil 
domestic demand and to generate export earnings. Australia cannot compete with Canada 
and the US on bulk commodities but there are prospects to secure a position in niche 
markets for high quality GM-free culinary soybeans that are specifically destined for 
human consumption. On the other hand, the adoption rate of GM soybeans is rising every 
year and it seems to be inevitable that GM-free soybeans will no longer attract a premium 
price at some point in the future. 
 
Several areas were not investigated in this thesis because they were considered beyond 
the scope of the thesis. Possible future directions for research may include studying of 
genetic variability among the soybean varieties, examining new ways to improve the taste 
of soybean products free of the strong ‘beany’ flavour usually associated with traditional 
soy products and increasing the range of soy protein applications in the food industry. In 
future, research in this field should be on using modern technologies to improve the 
traditional processes such as soymilk and tofu manufacture and to develop new objective 
methods to determine its quality. 
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Value adding to soybeans, and the growth of the soyfoods market, is dependent on 
applying a wide range of knowledge and skill to designing and producing new soyfood 
products which better meet the needs of consumers. The steps involved in developing a 
new soyfood product comprise selecting soybeans, developing objective measures of 
quality through scientific research, identifying consumer needs as well as economical use 
of by-products. Successful implementation of the process depends on effective and 
efficient management of each step of the process. 
 
In summary, the driving forces that are expected to lead to greater soyfood utilisation 
in Australia in future include the increased focus on breeding soybeans more suited to food 
applications, expected improvements in the taste of soy foods resulting in greater consumer 
demand and increased consumption of soy foods due to more established health benefits of 
soy. Moreover, new soyfood ingredients with more defined functional properties will 
stimulate wider use of soy ingredients in existing products and in the development of 
innovative new food products.  
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Australia held at the Sydney Exhibition and Convention Centre in Darling Harbour from 
21st – 24th July 2008. The paper was also submitted for the publication in Food Australia, 
the Official Journal of the Australian Institute of Food Science and Technolgy 
Incorporated. 
 
 
 
Soybeans as a crop for Australian conditions - 
Positioning Australian soybeans in a world market and 
the future of soybean industry in Australia 
 
Introduction 
 
 It is generally recognized that the world may have to rely increasingly on 
nonconventional sources for its protein supply in future. Protein production by animal 
husbandry methods is very energy intensive compared to the direct use of protein from 
crops. With the rising costs of energy and limited availability of land, it appears inevitable 
that a greater emphasis will have to be placed on using plant proteins directly for human 
consumption. Much of the world’s protein at present comes from cereals, but an increasing 
proportion seems certain to come in future from oilseeds such as soybeans. During recent 
decades, suitable processing methods have been found for removing some undesirable 
components in such plants and converting the protein to a more readily utilizable form 
(Cheryan, 1980). 
 
 Soybean is a principal world field crop. The whole soybean, containing about 40% 
protein and almost 20% oil on a dry weight basis, provides an inexpensive source of 
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quality protein and edible oil, thus making soy protein the predominant commercially 
available vegetable protein in the world. Soybean production has increased substantially in 
the past 50 years and the soybean market for manufacturing tofu and related products is 
expanding worldwide. Soybeans have been used in various food products in China, Japan 
and other Asian countries for many centuries. In the United States and Europe, soybean oil 
is used for human food in the form of margarine and shortening but only a small portion of 
the soy protein finds its way into human food products. In Western societies soybean meal 
is primarily used to feed poultry and livestock. Since indirect conversion of vegetable 
protein to human protein is highly inefficient and expensive, direct utilization of soybeans 
in human diets offers a more efficient way of alleviating human malnutrition in low 
income countries (Kwok and Niranjan, 1995). 
 
Soymilk and tofu consumption is increasing in Australia due to an increase in 
Asian immigrants, greater acceptance of soy foods by the general population, and 
increased recognition of the health benefits of soy foods, especially by those who wish to 
reduce their consumption of animal products (Poysa and Woodrow, 2002). 
 
Soybeans have been transformed into various forms of soyfoods, tofu being the 
most widely accepted throughout the world. Soybean products such as soymilk and tofu 
are generally regarded as being nutritious, cholesterol-free, healthy foods having 
considerable potential for greater use in the future. The rapidly increasing consumption of 
tofu in many regions of the world has been mainly due to rising consumer health 
consciousness. The most attractive feature influencing the increase in consumption of soy 
products is the notion of ”functional foods“ – those known to provide specific health 
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benefits beyond the traditional nutrients they contain. Recently, soy products have been 
found to provide functional and nutritional benefits (Mujoo et al., 2002). 
 
 Upon crushing oilseeds there are two primary derivative products, oil and meal. 
Soybean oil is consumed as table oil, or it can be processed further into products like 
margarine or mayonnaise. Similarly, it can be used in the preparation of paint, lacquer, soy 
diesel, ink and soap. Meal is the remains of a crushed seed, accounting for approximately 
80% of the seed, and used predominantly in compound feed (Primary Industry Bank of 
Australia Limited, 2001). Soybean meal is particularly high in protein and is the preferred 
meal for pig and poultry production systems. Soy can also be used in the production of pet 
food. Combining all these end products together illustrates the relative importance of 
soybeans to the greater food and agribusiness economy. 
 
 Soy has an ideal combination of ten essential amino acids important to human 
nutrition. In the past soy was widely utilized throughout the Asian region as a key dietary 
component, supplying the same protein that in Western diets was filled by eggs, milk and 
meat. Soybean protein products are now widely accepted as a suitable alternative to dairy, 
and as a protein substitute for vegetarian and vegan diets. Soy flour and protein additive 
are used in many food products worldwide. These food products are now a fundamental 
component to the diets of over 1 billion people or 16% of the world’s population. This 
excludes soy used in processing or as an additive / supplement. Diet contribution numbers 
would be considerably higher if they accounted the use of soy in further processing activity 
(Primary Industry Bank of Australia Limited, 2001). 
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World production and consumption 
 
 Soybeans are the dominant oilseed grown in the world (over 50 per cent of 
production) and the United States is the largest producer (37%), followed by Brazil (25%), 
Argentina (20%) and China (7%) while India and Paraguay are also noteworthy soybean 
producers. Production forecasts indicate the ongoing dominance of the USA. The world 
oilseed indicator price has been at record highs during 2007-08. In 2008-09, prices are 
forecast to remain high as demand for oilseeds and oilseed products is expected to increase 
(Bragatheswaran, 2008). The world oilseed indicator price is forecast to increase from an 
average of US$550 a tonne in 2007-08 to an average of US$578 a tonne in 2008-09. World 
oilseed production is forecast to rise to 419 million tonnes in 2008-09, an 8 per cent 
increase from the previous year. Production of soybeans and canola/rapeseed, two of the 
major oilseeds, are both forecast to increase in 2008-09 (Bragatheswaran, 2008). 
 
In the United States, the area sown to soybeans is forecast to increase to 30 million 
hectares in 2008-09. This is just under the record of 31 million hectares planted for the 
2006-07 season and up from the 26 million hectares planted last year. Record soybean 
prices and crop rotational benefits have provided incentives for an increase in plantings. 
The forecast increase in soybean area is at the expense of corn, with the area sown to corn 
in the United States forecast to be down by 7 per cent in 2008-09. Assuming average 
seasonal conditions, soybean production in the United States is forecast to increase by 20 
per cent to 85 million tonnes in 2008-09. In 2007-08, close to 17 million hectares of 
soybeans were harvested in Argentina and 21 million hectares in Brazil. In the same year, 
soybean production in Argentina and Brazil is estimated to have been 47 million tonnes 
and 61 million tonnes, respectively. While soybean yields in Argentina in 2007-08 were 
2.8 tonnes per hectare, below the previous year’s record, yields in Brazil were above 
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average at 2.9 tonnes per hectare (Bragatheswaran, 2008). Assuming average seasonal 
conditions, production is forecast to increase again in both countries in 2008-09. 
 
 Just as it is important to differentiate between characteristics of quality, it is also 
important to differentiate between characteristics of consuming markets. The USA, China 
and EU are all markets with a strong demand for stockfeed grade beans, while Japan and 
Taiwan are markets with preference for human consumption type beans. Soybeans are also 
traded as a part of the international food aid programs and as such are increasingly 
important in satisfying developing countries’ excess demand for food. 
 
 China is a key player in the trade of soybeans. The crushing ability of the domestic 
market is forecast to increase hence their rising demand for imports. Chinese policy has 
been developed in an attempt to establish a position for China in the global market and to 
satisfy a burgeoning demand from increasing numbers of livestock and aquaculture 
operations (Primary Industry Bank of Australia Limited, 2001). 
 
 Japan is considered a strong market for premium grade beans used in the 
production of tofu, miso, soymilk and flour. Soybeans used for human consumption in 
Japan are specific cultivars that are large beans with higher than average protein content. 
 
Australian production and consumption 
 
Soybean is an annual crop that can be cultivated in tropical, subtropical and 
temperate regions. One of the main agronomic benefits of soybean is its ability to fix 
nitrogen in the soil, benefiting other crops grown on the same area of land. Increasingly 
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production is now independent of rotational cycles, as economic benefits are realised.  
Traditionally, production of soybean was relatively constrained by available area, however 
research and plant breeding have enabled production to succeed in areas not typically 
suitable for soybeans. CSIRO have been involved recently in the development of a variety 
of soybeans that will successfully grow in tropical regions of Queensland. Main regions 
targeted for further growth are in Southern NSW / Northern Victoria and Northern NSW / 
Southern Queensland (Primary Industry Bank of Australia Limited, 2001). 
 
Australia produces around 60,000 tonnes of soybeans a year and therefore remains 
a relatively small player in the soybean market, in both production and consumption, yet 
both are rising slowly. In Australia human consumption beans now represent over half of 
the annual production. The market share of crushing beans from total production is 
declining over time. Crushing beans are almost entirely used in the production of animal 
feed, falling domestic production of this type of beans is reflected in rising meal imports.  
 
Australian market characteristics 
 
 Australian producers remain hesitant to move into soybean production with any 
gusto. The key to developing greater producer support lies in the communication of the 
price differentials for beans for human consumption as opposed to those used in stockfeed. 
Also important is understanding that key global players like the USA and South America 
are considerably more geared towards production of beans for stockfeed rather than 
varieties suitable for food products. 
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 Demand for meal is rising analogous to the numbers of feedlot operations. 
However in terms of crushing, while the meal can be easily sold, soy oil has a limited 
market in Australia. To sustain profitable margins in crushing, there needs to be a stable 
market for both oil and meal. Evidently, it appears more cost effective to rely on imports of 
soybean meal. 
 
 The market for specified soy oil is relatively small. To compensate for the thin 
market for oil would be to promote the use of full-fat soybean meal in animal feed 
production. In this approach oil is fed to the animals therefore there is no need for an 
independent oil market. Furthermore the technology used in this process is relatively 
simple and can be conducted on farm. One disadvantage with this approach, is that because 
of the oil content, full fat soybean meal has a limited storage life.  
 
 Consumption of soymilk has been steadily rising, promoted as a healthy choice to 
traditional dairy products. With a strong multicultural society in Australia, consumption of 
products like tofu has also risen steadily over the last ten years. Continued growth in the 
food markets is dependent upon ongoing consumer education. Products like blended dairy-
soy milk, flavoured soy milk, soy yoghurt and soy ice cream are all being made regularly 
available through supermarket chains. Rather than importing soy materials to make these 
products, the manufacturers are increasingly focused on supply chain management with 
direct contact with producers in Australia. Rather than independently operated crushing 
and processing facilities, the current trend has focused on the integration of such 
operations. This has been enabled by steady growth in demand, a trend that needs to 
continue in order to sustain the investment in the chain for these companies (Primary 
Industry Bank of Australia Limited, 2001). 
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  While the domestic market may still be relatively small, there is considerable 
opportunity to develop production to fulfil domestic demand and to generate export 
earnings. Markets like Japan, while pedantic in their requirements are also willing to pay a 
healthy price premium for soybeans. When they are not available from the Northern 
Hemisphere suppliers, Australia is well positioned to fill this void, a market of an 
estimated 220,000 tonnes per annum (Hooper, 2008). 
 
Transgenic crops worldwide 
 
Soybean is one of the crops where biotechnology applications are particularly 
important. Monsanto (Pharmacia) has developed a genetically modified (GM) soybean 
resistant to its best-selling herbicide Roundup. This means Roundup can be sprayed on the 
so-called Roundup-Ready Soybeans without killing the crop - only the weeds will be 
affected. Commercial production of genetically modified soybeans increased substantially 
in recent years, with important repercussions for consumption and trade. For FAO, the 
issue of GM soybean or any other crop is dependent on country policy. In general, FAO’s 
position on GMOs is that the technologies involved merit consideration on a case by case 
basis, when food safety and biosafety aspects have been analyzed scientifically in the 
context of the local situation (Thoenes, 2004). The advent of GM soybeans has created 
enormous debate and the scope of the arguments cannot be described here. The assessment 
of GMO soybean in terms of its impact on trade, food security, poverty, and the 
sustainability of agriculture represents a complex task.  
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Over half of the world's 2007 soybean crop (64%) was genetically modified, a 
higher percentage than for any other crop. The first genetically modified soybeans were 
planted in the United States in 1996. Ten years later, GM soybeans were planted in nine 
countries covering approximately 54.4 million hectares (GMO Compass, 2008). The 
United States (94%) and Argentina (98%) produce almost exclusively GM soybeans. In 
these countries, GM soybeans are approved without restrictions and are treated just like 
conventional soybeans. Producers and government officials in the US and Argentina do not 
see a reason to keep GM and conventionally bred cultivars separate – whether during 
harvest, shipment, storage or processing. Soybean imports from these countries generally 
contain a high amount of GM content.  
 
Regulations of transgenic crops in Australia 
 
The assessment process for genetically modified foods set in place by Australia 
New Zealand Food Authority (ANZFA) under Standard A18 - Food produced using gene 
technology ensures that a full and thorough safety evaluation of all genetically modified 
food is done. ANZFA looks at the nature of the genes introduced and their function, and 
whether the genetic modification changes the toxicity, allergenicity or nutritional value of 
the food. Food producers must provide evidence to show that toxicity and allergenicity 
risks have not been increased and that the nutritional value of the food has been 
maintained. Food producers use standard benchmark biological techniques to provide 
much of the evidence, computer databases to compare new proteins in the foods with 
known toxins and allergens and, in some cases, animal studies. 
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Soya is currently one of the main sources of genetically-modified ingredients in 
food, and can be found in everything from chocolate to crisps, margarine to mayonnaise 
and biscuits to bread. Roundup Ready soybeans have been imported from the US since 
1996, and was the first GM food approved by the ANZFA, the organisation responsible for 
regulating the food industry.  
 
At the federal level, the Australian Government introduced the Gene Technology 
Act in 2000 and the Gene Technology Regulations in 2001, and has established the Office 
of the Gene Technology Regulator (OGTR) to make decisions under the Act. The objective 
of the Gene Technology Act 2000 is to protect the health and safety of people, and the 
environment, by identifying risks posed by or as a result of gene technology, and managing 
those risks by regulating certain dealings with genetically modified organisms. All 
activities involving the growing of transgenic crops in Australia are subject to regulation 
under this Act and Regulations. Australian states and territories have legislation in place 
that allows the responsible minister to prohibit the planting of specific transgenic crops. 
The effect of this legislation is to apply a moratorium on the commercialisation of 
particular transgenic crops. Therefore, despite approvals for GM plants given by the 
national OGTR, various bans on the commercial cultivation of GM crops have been 
implemented by most governments of states and territories in Australia. The moratoria are 
partially founded upon opposition from some environmental NGOs, who claim that GM 
crops are unpredictable and unsustainable and could have long-term adverse effects on 
human health and the environment. According to them, the government safety assessments, 
including those of Food Standards Australia New Zealand, do not identify many of the 
dangers. Genes inserted into GM soy may produce a protein with allergenic properties. 
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These groups suggest Australia should be sitting down and taking notice of the response to 
GM foods throughout the world.  
 
The main reason put forward for the current moratorium is to postpone the 
commercialisation of transgenic food crops in order to determine that the innovation will 
not jeopardise the marketability of Australian agricultural output. As a consequence of the 
moratoriums, Australia has no commercial plantings of transgenic crops principally grown 
for food or feed. In contrast to Australia’s moratorium on commercialising transgenic food 
and feed crops, transgenic food and feed crops have been, and continue to be, adopted by 
agricultural producers in many countries. Generally, countries that have been producing 
commercial quantities of transgenic crops since the 1990s have a relatively high level of 
farmer adoption of the technology. In countries that have been producing commercial 
transgenic crops for more than five years, oilseeds and cotton crops tend to be mainly of 
transgenic varieties. In 2004, around 6 per cent of world arable land was planted to 
transgenic crops, a significant global rate of takeup of these crops in the nine years since 
the commercialisation of transgenic broadacre crops (Apted et al., 2005). 
 
 Global commercialisation of transgenic crops potentially has impacts for Australia 
in overseas export markets and in the Australian domestic market. The potential impacts 
differ depending on whether Australia produces transgenic crops or not, and on the degree 
of transgenic crop production in competitor nations. In international markets, transgenic 
crops with productivity enhancing input traits, such as those being rapidly adopted 
globally, can be expected to exert downward pressure on the prices for those crops. Given 
that Australian producers are price takers in these competitive world markets, preventing 
the commercialisation of transgenic crops in Australia means that Australian producers 
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receive a reduced benefit from their crop. This will manifest itself as reduced market share 
and reduced profitability for Australian producers, compared with the outcome if 
Australian producers were permitted to grow transgenic crops commercially. Trade data 
indicate that Australian producers currently compete in a number of export markets in 
which transgenic crops have a significant market share. Australian producers also 
participate in a number of markets in which transgenic crops have the potential to be 
significant competitors for conventionally bred crops in the future. 
 
 China is potentially a growth market for a number of Australian broadacre crops. 
Two factors are likely to converge in the near future, revealing China as a large market for 
transgenic crops. China has developed a large state supported agricultural biotechnology 
research and development capacity and is likely to commercialise transgenic food grains in 
the near future (Huang et al., 2002); and China’s growing affluence and changing dietary 
preferences are likely to result in increased demand for malting barley, feed grains and 
high quality food grains (Roberts and Andrews, 2005). These factors point to a potential 
opportunity to increase Australian grain exports, including transgenic grains, into a very 
large and expanding market. 
 
Research and development impacts 
 
 Agricultural innovations such as transgenic crops have the potential to provide 
benefits to producers and consumers. The level of benefit flowing to producers depends 
partly on whether they are early adopters of innovation or not. Early adopters tend to 
accrue benefits from increased yields or lower costs compared with the majority, which 
translates into improved profitability. Late adopters are essentially catching up to the 
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majority. In a competitive commodity market, late adopters reduce their costs, for example, 
after the reduced costs of the majority have lowered the market price, while early adopters 
reduce their costs under the existing higher market price. 
 
 To be well positioned to take advantage of opportunities such as those mentioned 
above, Australia needs to maintain a significant level of research and development in the 
agricultural biotechnology field. In order to maintain or increase investment, private 
companies and government research facilities require a reasonable level of certainty about 
their future opportunities to generate an economic return on their investment. 
 
 The state bans on commercialising transgenic crops are contributing to uncertainty 
in Australia’s biotechnology research and development effort. As a result of regulatory 
restrictions and the moratorium on producing transgenic crops, a reduction in research and 
development capacity in this field has the potential to impact negatively on future Australia 
grain trade. The policy stance of the Australian states appears to be jeopardising the future 
benefits from transgenic crop developments. 
 
 The adoption of a transgenic crop is assumed to result in a productivity 
improvement for the sector adopting the new technology. Levels of adoption are already 
high for transgenic maize, cotton and oilseeds. Developments in countries such as China, 
India and Brazil point to a continued expansion of transgenic crop plantings, with 
transgenic food grains likely to be commercialised in the near future. 
 
 In contrast to the increasing global adoption of transgenic crop technology, most 
Australian states and territories have legislated to prohibit the commercial production of 
- 233 - 
transgenic soybeans. There is no apparent economic justification for Australia to delay the 
commercialisation of transgenic soybeans. In the absence of a defined market and a price 
premium for nontransgenic soybeans, the moratoriums are generating an economic loss for 
Australia. Australian soybean producers are prevented from sharing the economic benefits 
of transgenic soybeans that are being enjoyed by the other major supplier of Australia’s 
soybean export markets.  
 
The future of soybeans in Australia 
 
 Australia is unlikely to become a major force in the production or consumption of 
soybeans. There may be opportunities to secure a position in niche markets for high quality 
soybeans that are specifically destined for human consumption. Firstly, the suppliers that 
dominate the world market including the USA and South American producers are geared 
for production of beans that are suited to the stockfeed market. This is a volume driven, 
commodity-based market, with limited product differentiation. Secondly, Australia is 
logistically well positioned to capitalise on the development of a niche market. 
Domestically and globally production of soy-based food products is rising, a trend set to 
continue particularly in South East Asian region. Australian research organisations have 
been working with industry in the development of new varieties, which will be preferred 
for human consumption. 
 
 In focusing on an area for development, one of the options would be to focus on the 
under-supplied niche market for human food beans. This represents a market where 
Australia can be competitive in the international complex and sustain long term growth on 
the basis of consumer choice and preferences regarding production systems. 
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 Nevertheless, soybean growers and industry representatives should consider 
Identity Preservation (IP) as a means of securing discerning Asian markets.  IP is tracking 
the production of soybeans from seed to market and is required by many Asian buyers. 
Niche consumer markets in Japan and Asia should remain major targets by Australian 
soybean growers. Groundbreaking export and trade programs to locate and develop 
lucrative key Asian markets are essential even though Australia's total soybean production 
is less than one percent of worldwide production. The formalising of agreements between 
growers, processors and Asian buyers and forging of direct and personal links between all 
parties is a key factor in the development of new markets and continuing demand for 
quality soybeans (Cooper, 2007). IP would have been the means to reassure Asian buyers 
that they would be shipped consistent, high quality soybeans for use in a wide range of 
food products.  
 
Conclusions 
 
Discrepancies between state based regulations have become par for the course in the 
agricultural industry and is something which creates an additional challenge not only for 
farmers whose properties straddle state borders but most other entities that operate along 
the supply chain. Genetically modified crops should have been the exception to the rule 
with the Federal Government – through the OGTR and FSANZ – assessing and approving 
GM traits for commercial release after consideration of environmental and human health 
risks. Australia has been growing GM cotton since 1996 along with blue carnations. Today 
96% of cotton is genetically modified and its production has cut pesticide use by up to 
85%. And so in late 2007, in acknowledgement that market access questions had been 
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answered, Victoria and NSW lifted their bans providing choice for their farmers. Access to 
these new tools enables growers to compete in international markets in the face of an ever 
changing and increasingly challenging operating environment. The grains industry has 
successfully managed the separation of specialty grains and oilseeds for many years now 
and the scientists are confident this segregation will be sustained throughout the supply 
chain (CropLife Australia, 2008). With a potential food crisis looming Australia cannot 
afford to deny farmers access to technologies that allow for the sustainable increased 
production of plants for food, fibre and feed. 
 
In 2005, the Australian Bureau of Agricultural Resource Economics estimated that 
Australian agriculture stands to lose between $1.8 and $7 billion in higher costs and 
foregone profits if the states maintain their moratoria on GM crops. Australia is falling 
behind in the rapid world growth of more productive biotech crops, such as drought-
tolerant and pest resistant strains. Any efforts to create a path to market for new GM crops 
will naturally attract opposition from those who do not support these technologies. It is in 
the national interest to ensure that policy and legislative decisions on agricultural 
biotechnology are based on sound science and objective information. The sustainability, 
profitability and future competitiveness of Australia’s agriculture and food industries 
depends on this. 
 
 
 
 
 
 
 
 
Appendix 2: Experimental data for soybean and tofu characteristics 
Variety 11S/7S
Protein 
content 
[%]
Crude oil 
content 
[%]
Ash 
content 
[%]
Moisture 
content 
[%]
Bulk 
density 
[g/mL]
RVA peak 
visc. 
[RVU]
RVA peak 
time  [sec]
RVA slope 
start time 
[sec]
3-g protein 
RVA visc. 
[RVU]
3-g protein 
RVA peak 
time [sec]
Harovinton 2.63 37.52 17.51 4.42 8.61 0.56 449 502 280 412 516
Tsuru 2.37 37.84 18.20 4.50 8.59 0.49 458 509 302 404 509
OX-502 2.21 35.59 18.99 4.65 9.15 0.57 385 516 289 411 530
OX-503 2.59 34.78 20.07 4.43 9.51 0.49 295 618 293 394 608
OX-603 2.91 35.67 19.85 4.73 9.20 0.49 294 644 282 372 643
Djakal 05/06 3.92 32.89 21.29 4.75 8.79 0.58 209 835 290 367 715
Djakal 06/07 3.17 33.83 20.05 4.80 8.67 0.54 235 561 279 355 541
Curringa 05/06 3.50 36.95 18.45 4.68 8.94 0.61 339 660 282 339 677
Curringa 06/07 3.18 34.60 19.75 5.07 8.54 0.55 193 678 274 347 590
Bowyer 06/07 3.61 36.06 19.32 4.85 10.49 0.56 384 509 280 437 532
Empyle 06/07 2.55 35.94 19.00 4.77 10.42 0.57 287 595 278 309 583
Snowy 05/06 2.70 35.20 19.59 4.49 9.20 0.59 325 568 299 365 570
Snowy 06/07 2.91 35.32 19.37 4.91 8.83 0.55 324 468 273 375 495
Banjalong 04 2.41 36.35 17.11 4.44 9.37 0.64 212 722 288 257 745
Curringa 04 2.28 36.40 17.80 4.67 10.18 0.58 328 663 287 328 677
Bunya 1.71 35.06 15.44 4.58 8.45 0.51 184 617 267 228 744
A-6785 2.19 36.52 19.07 4.35 9.54 0.62 256 797 276 212 682
Full fat 1.94 37.75 19.05 4.38 8.77 0.66 436 688 287 316 718
Gowrie 05 2.34 35.18 20.92 4.60 8.99 0.55 253 704 270 342 692
Yellow Saigon 06 1.90 35.26 20.91 4.36 8.92 0.58 278 744 274 317 741
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Variety WAI   [g/g]
WSI     
[%]
WAC   
[g/g]
WUF   
[g/g] yield     [g]
Matter 
[g/g]
Hard-
ness
Cohesi-
veness
Springi-
ness
Chewi-
ness
Gummi-
ness
Resili-
ence
Harovinton 2.35 50.7 2.21 2.21 243 0.212 372 0.67 0.73 183 249 0.35
Tsuru 2.47 48.7 2.61 2.20 249 0.239 1079 0.64 0.77 527 687 0.36
OX-502 2.39 48.6 2.11 2.21 252 0.209 453 0.67 0.80 243 303 0.41
OX-503 2.45 49.5 2.30 2.37 246 0.219 460 0.42 0.81 159 195 0.49
OX-603 2.33 47.0 2.08 2.24 253 0.182 462 0.45 0.93 192 207 0.41
Djakal 05/06 2.41 50.3 2.03 2.35 248 0.201 390 0.44 0.85 147 173 0.48
Djakal 06/07 2.34 51.1 1.88 2.27 250 0.236 577 0.46 0.93 245 265 0.58
Curringa 05/06 2.44 49.8 2.18 2.35 246 0.242 774 0.61 0.73 345 470 0.38
Curringa 06/07 2.29 51.3 1.94 2.33 252 0.197 348 0.29 0.79 81 102 0.66
Bowyer 06/07 2.39 51.2 2.11 2.25 251 0.157 275 0.63 0.83 144 174 0.41
Empyle 06/07 2.42 50.1 1.94 2.18 251 0.186 428 0.59 0.77 195 254 0.38
Snowy 05/06 2.45 50.2 2.61 2.28 246 0.284 1392 0.56 0.80 622 778 0.35
Snowy 06/07 2.39 50.2 2.03 2.16 251 0.190 549 0.43 0.83 193 233 0.36
Banjalong 04 2.42 50.1 2.06 2.33 250 0.196 506 0.61 0.71 219 308 0.27
Curringa 04 2.49 48.2 2.54 2.31 244 0.196 403 0.62 0.73 184 251 0.28
Bunya 2.47 50.2 2.20 2.26 246 0.180 420 0.49 0.86 177 206 0.34
A-6785 2.47 50.0 1.92 2.26 245 0.182 379 0.59 0.73 165 225 0.39
Full fat 2.48 48.9 2.76 2.38 245 0.229 658 0.38 1.04 262 251 0.87
Gowrie 05 2.34 50.3 1.86 2.25 255 0.181 313 0.41 0.93 118 128 0.42
Yellow Saigon 06 2.49 47.6 2.64 2.30 242 0.223 585 0.47 0.80 221 277 0.28
Soymilk Tofu Dry 
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Appendix 3: Principle Component Analysis Correlation matrix between the individual soybean and tofu characteristics. 
 
11S/7S
Protein 
content 
[%]
Crude oil 
content 
[%]
Ash 
content 
[%]
Moisture 
content 
[%]
Bulk 
density 
[g/mL]
RVA peak 
visc. 
[RVU]
RVA peak 
time  [sec]
RVA slope 
start time 
[sec]
3-g protein 
RVA visc. 
[RVU]
3-g protein 
RVA peak 
time [sec]
11S/7S 1 -0.391 0.404 0.639 0.083 -0.069 -0.104 -0.035 0.109 0.485 -0.309
Protein content [%] -0.391 1 -0.512 -0.439 0.116 0.268 0.732 -0.257 0.203 -0.028 -0.090
Crude oil content [%] 0.404 -0.512 1 0.189 0.031 -0.044 -0.126 0.284 0.042 0.363 -0.064
Ash content [%] 0.639 -0.439 0.189 1 0.080 -0.281 -0.268 -0.255 -0.291 0.317 -0.389
Moisture content [%] 0.083 0.116 0.031 0.080 1 0.168 0.075 -0.026 0.090 0.027 -0.055
Bulk density [g/mL] -0.069 0.268 -0.044 -0.281 0.168 1 0.041 0.432 0.032 -0.407 0.401
RVA peak visc. [RVU] -0.104 0.732 -0.126 -0.268 0.075 0.041 1 -0.566 0.457 0.571 -0.502
RVA peak time  [sec] -0.035 -0.257 0.284 -0.255 -0.026 0.432 -0.566 1 -0.135 -0.603 0.849
RVA slope start time [sec] 0.109 0.203 0.042 -0.291 0.090 0.032 0.457 -0.135 1 0.404 -0.227
3-g protein RVA visc. [RVU] 0.485 -0.028 0.363 0.317 0.027 -0.407 0.571 -0.603 0.404 1 -0.716
3-g protein RVA peak time [sec] -0.309 -0.090 -0.064 -0.389 -0.055 0.401 -0.502 0.849 -0.227 -0.716 1
WAI [g/g] -0.501 0.340 -0.280 -0.633 0.198 0.290 0.208 0.208 0.326 -0.373 0.393
WSI [%] 0.438 -0.262 -0.056 0.357 -0.054 0.123 -0.258 -0.141 -0.256 0.005 -0.271
WAC [g/g] -0.414 0.438 -0.137 -0.532 -0.075 0.119 0.536 -0.066 0.521 0.103 0.131
WUF [g/g] 0.131 -0.157 0.154 -0.203 -0.094 0.372 -0.257 0.626 0.215 -0.209 0.615
Soymilk yield [g] 0.315 -0.267 0.238 0.639 0.060 -0.328 -0.182 -0.246 -0.133 0.291 -0.330
Tofu Dry Matter [g/g] -0.030 0.089 0.100 -0.335 -0.378 0.112 0.289 -0.127 0.599 0.180 -0.139
Hardness -0.067 0.217 -0.026 -0.278 -0.239 0.029 0.327 -0.238 0.627 0.124 -0.191
Cohesiveness -0.090 0.520 -0.483 -0.294 0.414 0.168 0.475 -0.332 0.332 0.101 -0.251
Springiness -0.045 -0.223 0.352 0.079 -0.288 -0.094 -0.003 0.049 -0.155 0.087 0.138
Chewiness -0.086 0.311 -0.117 -0.311 -0.158 0.027 0.427 -0.312 0.671 0.165 -0.248
Gumminess -0.070 0.343 -0.167 -0.312 -0.115 0.033 0.415 -0.304 0.673 0.149 -0.253
Resilience 0.133 -0.066 0.298 0.172 -0.276 0.179 0.077 0.112 0.016 0.098 -0.011  
In bold, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test) 
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WAI   [g/g] WSI      [%]
WAC   
[g/g]
WUF   
[g/g]
Soymilk 
yield     [g]
Tofu Dry 
Matter 
[g/g]
Hardness Cohesi-veness
Springi-
ness
Chewi-
ness
Gummi-
ness
Resili-
ence
11S/7S -0.501 0.438 -0.414 0.131 0.315 -0.030 -0.067 -0.090 -0.045 -0.086 -0.070 0.133
Protein content [%] 0.340 -0.262 0.438 -0.157 -0.267 0.089 0.217 0.520 -0.223 0.311 0.343 -0.066
Crude oil content [%] -0.280 -0.056 -0.137 0.154 0.238 0.100 -0.026 -0.483 0.352 -0.117 -0.167 0.298
Ash content [%] -0.633 0.357 -0.532 -0.203 0.639 -0.335 -0.278 -0.294 0.079 -0.311 -0.312 0.172
Moisture content [%] 0.198 -0.054 -0.075 -0.094 0.060 -0.378 -0.239 0.414 -0.288 -0.158 -0.115 -0.276
Bulk density [g/mL] 0.290 0.123 0.119 0.372 -0.328 0.112 0.029 0.168 -0.094 0.027 0.033 0.179
RVA peak visc. [RVU] 0.208 -0.258 0.536 -0.257 -0.182 0.289 0.327 0.475 -0.003 0.427 0.415 0.077
RVA peak time  [sec] 0.208 -0.141 -0.066 0.626 -0.246 -0.127 -0.238 -0.332 0.049 -0.312 -0.304 0.112
RVA slope start time [sec] 0.326 -0.256 0.521 0.215 -0.133 0.599 0.627 0.332 -0.155 0.671 0.673 0.016
3-g protein RVA visc. [RVU] -0.373 0.005 0.103 -0.209 0.291 0.180 0.124 0.101 0.087 0.165 0.149 0.098
3-g protein RVA peak time [sec] 0.393 -0.271 0.131 0.615 -0.330 -0.139 -0.191 -0.251 0.138 -0.248 -0.253 -0.011
WAI [g/g] 1 -0.396 0.732 0.229 -0.677 0.271 0.365 0.315 -0.190 0.386 0.400 -0.236
WSI [%] -0.396 1 -0.523 -0.024 0.159 -0.105 -0.159 -0.079 -0.107 -0.177 -0.157 0.184
WAC [g/g] 0.732 -0.523 1 0.281 -0.611 0.564 0.590 0.115 0.065 0.575 0.540 0.032
WUF [g/g] 0.229 -0.024 0.281 1 -0.400 0.278 0.024 -0.375 0.163 -0.078 -0.101 0.431
Soymilk yield [g] -0.677 0.159 -0.611 -0.400 1 -0.385 -0.203 -0.201 0.236 -0.185 -0.201 0.076
Tofu Dry Matter [g/g] 0.271 -0.105 0.564 0.278 -0.385 1 0.859 0.046 -0.016 0.811 0.782 0.124
Hardness 0.365 -0.159 0.590 0.024 -0.203 0.859 1 0.152 -0.052 0.975 0.951 -0.072
Cohesiveness 0.315 -0.079 0.115 -0.375 -0.201 0.046 0.152 1 -0.634 0.343 0.432 -0.607
Springiness -0.190 -0.107 0.065 0.163 0.236 -0.016 -0.052 -0.634 1 -0.119 -0.270 0.683
Chewiness 0.386 -0.177 0.575 -0.078 -0.185 0.811 0.975 0.343 -0.119 1 0.987 -0.158
Gumminess 0.400 -0.157 0.540 -0.101 -0.201 0.782 0.951 0.432 -0.270 0.987 1 -0.266
Resilience -0.236 0.184 0.032 0.431 0.076 0.124 -0.072 -0.607 0.683 -0.158 -0.266 1  
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